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SUMMARY 

Closeup movies were taken o f  t h e  i c i n g  process a t  seve ra l  p o s i t i o n s  a long  
the  surface o f  a smal l  a i r f o i l  for a range o f  a i r speeds  (SO to  320 km/h r ) ,  a i r  
temperatures (above f r e e z i n g  down t o  -25 O C ) ,  and c l o u d  c o n d i t i o n s .  
movies, s t i l l  photographs ( s t o p - a c t i o n  c loseups ) ,  and o t h e r  ?xper imen ta l  d a t a  
suggest t h a t  t he  c u r r e n t  p h y s i c a l  model for  i c e  a c c r e t i o n  needs s i g n i f i c a n t  
m o d i f i c a t i o n  a t  a i r c r a f t  a i r speeds .  

These 

A t  a i r c r a f t  a i r speeds  t h e r e  was no f low o f  l i q u i d  o v e r  t h e  s u r f a c e  of t h e  
i c e  a f t e r  a s h o r t  i n i t i a l  f low, even a t  s u b f r e e z i n g  temperatures t h a t  a r e  c l o s e  
t o  t h e  f r e e z i n g  p o i n t .  I n s t e a d  t h e r e  w e r e  v e r y  l a r g e  s t a t i o n a r y  drops on t h e  
i c e  s u r f a c e  t h a t  l o s e  water from t h e i r  bot toms by f r e e z i n g  and r e p l e n i s h  t h e i r  
l i q u i d  by c a t c h i n g  t h e  m ic roscop ic  c l o u d  d r o p l e t s .  T h i s  o b s e r v a t i o n  d i sag rees  
w i t h  t h e  e x i s t i n g  p h y s i c a l  model f o r  a i r c r a f t  i c i n g ,  which assumes t h e r e  i s  a 
t h i n  l i q u i d  f i l m  c o n t i n u o u s l y  f l o w i n g  o v e r  t h e  i c e  s u r f a c e .  
was though t  to  be the  main cause o f  horn-shaped c l e a r  ( g l a z e )  i c e .  Wi th  no 
s i g n i f i c a n t  water f low ove r  t h e  i c e  s u r f a c e ,  t h e  f r e e z i n g - f r d c t i o n  concept o f  

a3 t he  c u r r e n t  p h y s i c a l  model f a i l s  when a mass balance i s  performed on t h e  sur-  
f ace  wa te r .  Rime i c e  forms when t h e  a i r  temperature i s  low enough t o  cause t h e  

e x i s t i n g  model i s  c o r r e c t .  

T h i s  c o n s t a n t  flow 
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c l o u d  d r o p l e t s  to  f r e e z e  a lmost  immed ia te l y  on impact ;  t h a t  aspect  o f  the  

The movies and o t h e r  r e s u l t s  h e r e i n  suggest t h e  f o l l o w i n g  changes t o  t h e  
c u r r e n t  i c e - a c c r e t i o n  p h y s i c a l  model. The c h a r a c t e r i s t i c  shapes o f  horn-g laze 
i c e  or r i m e  i c e  a re  p r i m a r i l y  caused by t h e  i c e  shape a f f e c t i n g  t h e  a i r f l o w  
l o c a l l y  and consequent ly  the  d r o p l e t  c a t c h  and t h e  r e s u l t i n g  i c e  shape. I n  
o t h e r  words, i c e  t h a t  p r o t r u d e s  s l i g h t l y  w i l l  c a t c h  more d r o p l e t s  and, t he reby ,  
g r a d u a l l y  grow f a s t e r  t han  o t h e r  nearby areas.  I c e  roughness p l a y s  a major 
r o l e :  i t  g r e a t l y  increases the  h e a t  t r a n s f e r  c o e f f i c i e n t ,  s tops t h e  movement 
o f  drops a long  t h e  s u r f a c e ,  and may a l s o  a f f e c t  t h e  a i r f l o w  i n i t i a l l y  and, 
t he reby ,  t h e  d r o p l e t  c a t c h .  A t  h i g h  s u b f r e e z i n g  temperatures t h e  i n i t i a l  flow 
and shedding o f  su r face  drops have a l a r g e  e f f e c t  on t h e  i c e  shape; a t  the 
i n c i p i e n t  f r e e z i n g  l i m i t ,  no i c e  forms.  

INTRODUCTION 

The development and v e r i f i c a t i o n  o f  analyses t o  p r e d i c t  t he  i c e  a c c r e t i o n  
on a i r f o i l s  and o t h e r  su r faces ,  and t h e  r e s u l t i n g  aerodynamic p e n a l t i e s  a re  
i m p o r t a n t  p a r t s  o f  the NASA a i r c r a f t - i c i n g  research  program. The purpose of 
the  exper imenta l  s tudy r e p o r t e d  he re  i s  t o  determine i f  t h e  e x i s t i n g  p h y s i c a l  
model for i c e  a c c r e t i o n  ( r e f s .  1 to  3 )  i s  c o r r e c t  by  o b t a i n i n g  d i r e c t  photo- 
g r a p h i c  ev idence.  The c u r r e n t  p h y s i c a l  model i s  a l s o  t h e  b a s i s  for  t h e  c u r r e n t  
i c i n g  s c a l i n g  laws, which were r e c e n t l y  d e s c r i b e d  and e v a l u a t e d  i n  r e f e r e n c e s  4 
and 5 .  



F i g u r e  1 shows how t h e  i c e  shape changes when o n l y  the a i r  temperature i s  
changed. The fundamental q u e s t i o n  i s ,  Why does the  r i m e - i c e  shape form a t  
-26 OC and the horn-g laze shape form a t  -8 OC? 
f o l l o w i n g  p h y s i c a l  reason f o r  these d i f f e r e n t  i c e  shapes. 
a i r  temperatures near t h e  f r e e z i n g  temperatures,  t he  m ic roscop ic  c l o u d  d r o p l e t s  
impact the a i r f o i l  s u r f a c e  and form a t h i n  f i l m  o f  water as shown i n  f i g u r e  2 .  
A f r a c t i o n  o f  the  incoming droplet-mass f l u x  f reezes  where i t  impacts ( t h e  
f r e e z i n g  f r a c t i o n  n o f  r e f .  6); t h e  rema in ing  water i n  the  t h i n  f i l m  flows 
downwind a long t h e  i c e  s u r f a c e .  
c rea tes  the  horn-shaped g l a z e  i c e .  If a l l  o f  the  impac t ing  d r o p l e t s  f r e e z e  on 
impact (n  = 1 1 ,  then r ime  i c e  forms.  I f  n = 0 then no i c e  i s  formed. Refer-  
ence 6 descr ibes t h e  i c i n g  process i n  t h i s  way, b u t  d e t a i l s  o f  the  s u r f a c e  flow 
(such as whether t h e r e  i s  a t h i n  water  f i l m  on the s u r f a c e )  a re  n o t  desc r ibed .  
The i c e  shapes p r e d i c t e d  by  these a n a l y t i c a l  models ( r e f s .  1 t o  3 )  have proven 
to  be ve ry  s e n s i t i v e  t o  t h e  a i r - s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  used. 

The e x i s t i n g  model g i v e s  t h e  
A t  t he  s u b f r e e z i n g  

Much o f  t h i s  water f i l m  f reezes  downwind and 

To i n v e s t i g a t e  the  b a s i s  o f  t h e  e x i s t i n g  p h y s i c a l  model f o r  t h e  i c e  accre- 
t i o n  process, d e t a i l e d  pho tog raph ic  d a t a  have been o b t a i n e d  i n  the  NASA I c i n g  
Research Tunnel ( I R T ) .  T h i s  d a t a  c o n s i s t s  o f  m o v i e s  and s t o p - a c t i o n  s t i l l  
photographs of h i g h  enough m a g n i f i c a t i o n .  The movies w e r e  made o v e r  a very 
l a r g e  range o f  i c i n g  c o n d i t i o n s ,  which i n c l u d e  c o n d i t i o n s  t h a t  should f a v o r  a 
f low o f  water o v e r  the  i c e  s u r f a c e  t o  form horn-shaped i c e .  Other  t ypes  o f  
da ta  were  a l s o  o b t a i n e d  to understand t h e  i c e  a c c r e t i o n  process b e t t e r .  These 
a d d i t i o n a l  da ta  p e r t a i n  t o  t h e  i c e  s t r u c t u r e ,  su r face  roughness, t h e  e f f e c t  of 
the i c e  shape on d r o p l e t  ca tch ,  and t h e  e f f e c t s  o f  s u r f a c e  water flow and shed- 
d i n g .  The movie supplement o f  t h i s  paper covers a f a r  g r e a t e r  range o f  condi -  
t i o n s  than the  p r e v i o u s  movie on t h e  s u b j e c t  ( r e f .  7 ) .  
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NOMENCLATURE 

diameter o f  c y l i n d e r ,  pm 

su r face  d rop  d iamete r ,  pm 

h e i g h t  of s u r f a c e  drop,  H/d = 0.27, pm 

heat  t r a n s f e r  c o e f f i c i e n t  of a d r y  a i r f o i l  or c y l i n d e r ,  u s u a l l y  a t  t h e  
s t a g n a t i o n  p o i n t ,  c a l  /m2-sec-oC 

thermal c o n d u c t i v i t y  o f  a i r ,  cal/m-sec-°C 

c h a r a c t e r i s t i c  s i z e  o f  s u r f a c e  f o r  h e a t  t r a n s f e r ,  m 

l i q u i d  water c o n t e n t  of t h e  i c i n g  c l o u d ,  g/m3 

median volume d iameter  of t h e  i c i n g  c l o u d ,  pm 

mass f l u x  o f  impac t ing  c l o u d  d r o p l e t s ,  g/m2-sec 

conven t iona l  f r e e z i n g  f r a c t i o n  a t  s t a g n a t i o n  l i n e  

Reynolds number based on D 

d i s t a n c e  a long  a i r f o i l  s u r f a c e  from s t a g n a t i o n  l i n e ,  mm 
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t s t a t i c  a i r  temperature,  O C  

V t unne l  a i r speed ,  km/hr 

h o p  a i r  v e l o c l t y  a l o n g  t o p  o f  su r face  d r o p l e t s ,  m/sec 

I3 

6 

A 

'c 

PQ 

PS 

l o c a l  d r o p l e t  c a t c h  e f f i c i e n c y  a t  s t a g n a t i o n  p o i n t  

l o c a l  average t h i c k n e s s  o f  water l a y e r  or drops, pm 

l o c a l  average t h i c k n e s s  o f  i c e  l a y e r ,  pm 

t ime, sec 

d e n s i t y  o f  water ,  g/m3 

d e n s i t y  o f  i c e ,  g/m3 

APPARATUS AND PROCEDURE 

The movie and s t i l l  photography setups, t h e  I c i n g  Research Tunnel ( I R T ) ,  
and sources o f  exper iment  error a re  desc r ibed  i n  t h i s  s e c t i o n .  The t e s t  m a t r i x  
and t e s t  procedures f o r  each setup a re  a l s o  desc r ibed .  

I c i n g  Research Tunnel 

The I R T  i s  a c losed- loop r e f r i g e r a t e d  wind t u n n e l .  I t s  t e s t  s e c t i o n  
( f i g .  3 )  i s  1.83 m h i g h  and 2.74 m wide. 
be v a r i e d  from 30 to  480 km/hr.  The t o t a l  a i r  temperature can be v a r i e d  from 
about -1  OC down t o  a t  l e a s t  -30 O C .  L i m i t e d  above- f reez ing  d a t a  can a l s o  be 
achieved.  The spray nozz les produce a drop-s ize range o f  10 t o  40 pm (median 
volume d iameter ,  MVD).  The l i q u i d  water c o n t e n t  (LWC) i n  t h e  c e n t e r  u n i f o r m  
r e g i o n  can be v a r i e d  from about 0.3 to  3.0 g/m3. 
p o s s i b l e  a t  eve ry  a i r speed  and MVD. 
t i o n  and a d i s c u s s i o n  o f  p o s s i b l e  error sources i n  t h e  i c i n g  s i m u l a t i o n  o f  t h e  
I R T  r e f e r  to  r e f e r e n c e  8 .  
a f l i g h t  t h rough  n a t u r a l  i c i n g  c o n d i t i o n s .  

The a i r s p e e d  i n  t h e  t e s t  s e c t i o n  can 

T h i s  range o f  LWC i s  n o t  
For d e t a i l s  about  t h e  spray-c loud c a l i b r a -  

The d a t a  r e p o r t e d  he re  should be r e p r e s e n t a t i v e  of 

Movie Apparatus 

The pho tog raph ic  setup t o  o b t a i n  c loseup movies o f  t h e  i c i n g  process a long  
the  a i r f o i l  s u r f a c e  i s  sketched i n  f i g u r e . 4 .  The a i r f o i l  used i n  t h i s  s tudy 
i s  sketched i n  f i g u r e  5 .  I t  i s  a symmetr ical  wooden a i r f o i l  o f  11.4-cm chord 
and 12-cm span w i t h  a c y l i n d r i c a l  l e a d i n g  edge o f  1.9-cm r a d i u s .  The a i r f o i l  
i s  r i g i d l y  a t tached  a t  each end of i t s  12-cm span by suppor t s  which a r e  
a t t a c h e d  t o  the  tunnel  c e i l i n g .  The a i r f o i l  c e n t e r l i n e  i s  mounted 20 cm below 
the  tunne l  c e i l i n g  and a t  a Oo angle o f  a t t a c k  w i t h  r e s p e c t  t o  t h e  tunne l  and 
the  a i r f l o w .  The movie camera, r i g i d l y  mounted above t h e  tunne l  c e i l i n g ,  uses . 
a h i g h - m a g n i f i c a t i o n  c loseup l e n s  arrangement. Th i s  l e n s  v iews a smal l  p a r t  
o f  t h e  a i r f o i l  s u r f a c e  through a view p o r t  i n  t h e  I R T  c e i l i n g .  A removable 
s h i e l d ,  l o c a t e d  upstream of the  a i r f o i l ,  can be q u i c k l y  removed t o  expose the 
a i r f o i l  t o  t h e  d r o p l e t - l a d e n  a i r s t r e a m .  F i g u r e  6 i s  a photograph ( l o o k i n g  
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downstream) o f  t h e  f r o n t  p a r t  of t h e  apparatus i n  t h e  t e s t  s e c t i o n  a f t e r  a 
5-min i c e  accumulat ion w i t h  t h e  s h i e l d  removed. The housing c o v e r i n g  t h e  t e l e -  
photo lens can be seen ( w i t h  i c e  on i t )  above t h e  a i r f o i l .  
on the a i r f o i l  l e a d i n g  edge i s  u n i f o r m  which i n d i c a t e s  t h a t  t he  LWC and ve loc -  
i t y  are u n i f o r m  o v e r  much more of the  a i r f o i l  span than  photographed. The n e x t  
ques t i on  i s ,  How much do t h e  s h i e l d ,  a i r f o i l  end suppor t s ,  and I R T  boundary 
l a y e r  a f f e c t  t h e  l o c a l  f ree-st ream a i r speed?  The a i r  v e l o c i t y  was measured 
a t  t he  l o c a t i o n  o f  the  a i r f o i l  w i t h  t h e  a i r f o i l  removed. The measured v e l o c i t y  
agreed w i t h i n  2 p e r c e n t  of t h e  tunne l  a i r s p e e d  l a r g e l y  because t h e  a i r f o i l  i s  
w e l l  below the  tunne l  boundary l a y e r  ( 7  cm t h i c k ) .  The tunnel  t o t a l  tempera- 
t u r e  a l s o  agreed c l o s e l y  w i t h  t h e  measured temperature a t  t h a t  l o c a t i o n .  A f t e r  
those checks t h e  a i r speed  and t o t a l - t e m p e r a t u r e  i ns t rumen ts  o f  the  I R T  were 
used for  these exper iments.  The d r o p l e t  s i z e  o f  t h e  i c i n g  c louds i s  u n i f o r m  
across the tunnel  as shown by  t r a v e r s e s  w i t h  a l a s e r  spectrometer ( r e f .  8). 
The LWC, on t h e  o t h e r  hand, i s  n o t  un i fo rm across t h e  t e s t  s e c t i o n .  Measure- 
ments o f  the  LWC a t  t h e  a i r f o i l  l o c a t i o n  have shown t h a t  t he  LWC i n  t h a t  l oca -  
t i o n  i s  30 pe rcen t  o f  t h e  LWC i n  t h e  c e n t e r  o f  the  I R T ,  where t h e  I R T  i s  
c a l i b r a t e d .  Th is  l o c a l  v a l u e  o f  LWC i s  l i s t e d  i n  t a b l e  I. 

The i c e  a c c r e t i o n  

The c loseup movies were made u s i n g  a 152-mm macrolens mounted on a 30-cm- 
l ong  ex tens ion  tube. The m o t i o n  p i c t u r e  camera was a Fastex (model WF-3T). 
S e n s i t i v e  c o l o r  movie f i l m  (Kodak 7250 Tungsten) was used. A l l  o f  t h e  movies 
shown i n  the  f i l m  supplement were taken a t  24 frames pe r  sec ( r e a l  t i m e )  for  
t h e  f i r s t  2 min a f t e r  t h e  d r y  a i r f o i l  was exposed to  t h e  i c i n g  c loud .  Many 
movie sequences were a l s o  taken a t  200 and 4000 frames per  sec, and a t  h i g h e r  
m a g n i f i c a t i o n  because i t  was i n i t i a l l y  t hough t  t h a t  t h e  fast -moving m ic roscop ic  
c loud  d r o p l e t s  would impact and move ac ross  t h e  s u r f a c e  b e f o r e  t h e y  f r o z e .  We 
o n l y  saw slow-moving v e r y  l a r g e  drops on t h e  s u r f a c e ,  i n t o  which t h e  micro-  
scopic  c loud  d r o p l e t s  impacted; t h e r e f o r e ,  no d a t a  from these e a r l y  high-speed 
movies were  used because t h e y  c o n t a i n  no a d d i t i o n a l  i n f o r m a t i o n .  The 
24-frames-per-sec f r a m i n g  speed r e s u l t e d  i n  t h e  f o l l o w i n g  bonuses: g r e a t e r  
depth o f  f i e l d  and l e s s  h e a t  from the  l i g h t s .  

The f i e l d  o f  v iew ( a r e a  o f  t h e  a i r f o i l  t h a t  i s  photographed) i s  shown i n  
~ ‘ f i g u r e  7 .  The h o r i z o n t a l  l i n e s  p a i n t e d  on t h e  s u r f a c e  o f  the  a i r f o i l  a re  

0.3 mm (300 pm) t h i c k  and 2 mm (2000 pm) a p a r t .  The p a i n t e d  l i n e s  a r e  covered 
w i t h  severa l  l a y e r s  o f  3M C l e a r  P r o t e c t i v e  Coa t ing  3900, and each l a y e r  was 

The approximate l o c a t i o n  o f  t h e  s t a g n a t i o n  l i n e  i s  shown on t h e  photograph.  
The a i r f o i l  angle v a r i e d  s l i g h t l y  d u r i n g  t h e  course of these exper iments,  which 
caused the s t a g n a t i o n  l i n e  t o  move somewhat w i t h i n  zone 1 .  When t h e  movie d a t a  
a re  discussed we s h a l l  r e f e r  to  d i f f e r e n t  r e g i o n s  o f  t h e  a i r f o i l  s u r f a c e  by t h e  
s tagna t ion  l i n e  and by zones 1 ,  2, and 3 which a r e  shown i n  f i g u r e  5. For t h e  
l a t e r  movies t h a t  show i c i n g  a l o n g  t h e  a i r f o i l  su r face ,  re fe rence  d o t s  w e r e  
p a i n t e d  on the  a i r f o i l  as shown i n  f i g u r e  5. The d i s t a n c e  downstream o f  the  
s tagna t ion  l i n e  s i s  shown i n  f i g u r e  5 t o  c o r r e l a t e  the  v a r i o u s  marks p a i n t e d  
on the a i r f o i l  surface. 

I sanded smooth so t h a t  t h e  p a i n t e d  l i n e s  would n o t  a f f e c t  t h e  i c e  a c c r e t i o n .  

The rough su r face  on t h e  r i g h t - h a n d  s i d e  o f  t h e  a i r f o i l  shown i n  f i g u r e  7 
i s  the i c e  a c c r e t i o n  for one 5-min-long i c i n g  c o n d i t i o n ;  t he  i c e  on t h e  l e f t -  
hand s ide  was mel ted w i t h  a warm aluminum b l o c k .  Removing the  i c e  i n  t h i s  
manner p e r m i t t e d  the  i c e  shape to  be a c c u r a t e l y  t r a c e d  on a cardboard template 
t h a t  f i t  t i g h t l y  on the  upstream surface o f  t h e  a i r f o i l .  
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Two ELH pho tog raph ic  lamps i l l u m i n a t e d  t h e  a i r f o i l  and t h e  i c e  d u r i n g  t h e  
f i l m i n g .  Each had an a i r - c o o l e d  i n f r a r e d  f i l t e r  t o  p r e v e n t  any r a d i a n t  hea t  
from a f f e c t i n g  t h e  i c e .  The f i l t e r s  were q u i t e  e f f e c t i v e  as shown i n  r e f e r -  
ence 9. 
showed t h a t  even t h e  more i n t e n s e  l i g h t i n g  r e q u i r e d  f o r  t h e  200-frames-per-sec 
f i l m s  d i d  n o t  a f f e c t  5-min horn-glaze i c e  shapes. 

Comparison o f  t h e  i c e  shapes a c c r e t e d  w i t h  and w i t h o u t  t h e  l i g h t s  on 

Test  M a t r i x  and Procedure for  t h e  Movies 

The t e s t  m a t r i x  i s  l i s t e d  i n  t a b l e  I .  Data were taken  o v e r  a range o f  
temperatures,  a i r speeds ,  and drop s i zes  i n  t h e  s t a g n a t i o n  r e g i o n  o f  t h e  a i r -  
f o i l .  Data were a l s o  taken a l o n g  the  s u r f a c e  o f  the  a i r f o i l  ove r  a range of 
temperatures b u t  for o n l y  one a i r speed  and drop s i z e .  
sec foo tage  fo r  t h e  a i r f o i l  i s  l i s t e d .  

On ly  t h e  24-frames-per- 

The t e s t  procedure for most o f  the f i l m  sequences was as f o l  

( 1 )  The a i r f o i l  was s e t  a t  a Oo angle o f  a t t a c k .  The camera 

( 2 )  The f - s t o p  was a d j u s t e d  t o  the l i g h t  l e v e l ,  and t h e  came 

( 3 )  The s h i e l d  was moved down i n  f r o n t  o f  the  a i r f o i l .  

t i o n e d  t o  v iew  t h e  d e s i r e d  r e g i o n  o f  the  a i r f o i l  s u r f a c e .  

on the  d r y  a i r f o i l  su r face .  

ows : 

was p o s i -  

a was focused 

( 4 )  The wind tunnel  a i r s p e e d ,  temperature,  and spray c o n d i t i o n s  were s e t .  

(5) When t h e  above c o n d i t i o n s  were s teady t h e  f i l m  was s t a r t e d ,  and the  
s h i e l d  was q u i c k l y  removed t o  s t a r t  t he  f i l m  sequence w i t h  a d r y  a i r f o i l .  A 
f e w  sequences s t a r t  w i t h  rough i c e ;  i n  those cases t h e  camera was focused on 
the  i c e .  

(6) Each f i l m  sequence was 2 min l o n g  a t  24 frames pe r  sec. 

(7) The spray was o f t e n  con t inued  u n t i l  5 min o f  i c e  a c c r e t e d  on t h e  a i r -  
f o i l  su r face  so t h a t  t h e  i c e  c o u l d  be t r a c e d  and photographed a f t e r  i t  a t t a i n e d  
i t s  d i s t i n c t i v e  shape. 

(8) The i c e  was me l ted  o f f  t h e  a i r f o i l  and t h e  apparatus,  then t h e  n e x t  
t e s t  c o n d i t i o n  was r u n  f o l l o w i n g  steps 1 t h rough  7. 

S t i l l  Photography Apparatus and Procedure 

The photographic  setup f o r  t a k i n g  c loseup s t i l l  photos o f  t h e  i c e  a t  a 
g r a z i n g  angle i s  sketched i n  f i g u r e  8 .  The c loseup s t i l l  photos g i v e  c l e a r  
b l a c k  and w h i t e  p i c t u r e s  of t h e  i c i n g  process from a s ide-v iew p e r s p e c t i v e .  
A l though v e r y  f e w  i c i n g  c o n d i t i o n s  w e r e  photographed, most o f  the  s i g n i f i c a n t  
phenomenon observed i n  the  movie f i l m  sequences a re  shown. Cross s e c t i o n  AA 
on f i g u r e  8 shows the very smal l  f i e l d  o f  v iew which i s  cen te red  on t h e  stagna- 
t i o n  l i n e  of a r a i s e d  metal  pad. A 135-mm macrolens w i t h  43 cm o f  e x t e n s i o n  
tubes was a t tached  t o  an Olympus OM-2 s i n g l e - l e n s  r e f l e x  camera. An e l e c t r o n i c  
f l a s h  was used t o  b a c k l i g h t  t he  i c e  on t h e  r a i s e d  pad. The au tomat i c  f l a s h  
mode o f  t h i s  camera, w i t h  i t s  b u i l t - i n  l i g h t m e t e r ,  was used t o  a u t o m a t i c a l l y  



a d j u s t  t he  f l a s h  d u r a t i o n .  
0.0001 sec, which would cause t h e  fas t -mov ing  c l o u d  d r o p l e t s  t o  appear as s h o r t  
s t reaks  on t h e  f i l m .  The same i s  t r u e  f o r  any d r o p l e t  moving a long  the  s u r f a c e  
because o f  bouncing or sp lash ing .  The m o t i o n  o f  l a r g e  su r face  drops would be 
stopped because they  a r e  much s lower .  The camera, f l a s h ,  and r a i s e d  pad were 
r i g i d l y  a t tached  to  a 2.5-cm-diameter p i p e .  
i n s e r t e d  through a h o l e  i n  t h e  I R T  c e i l i n g  and i n t o  t h e  i c i n g  c l o u d ;  t h e  r a i s e d  
pad was 0.63 m below t h e  tunne l  c e i l i n g .  
as t h e  f l a s h  would recharge i n  t h e  au tomat i c  mode. When t h e  i c e  grew too t h i c k  
the  apparatus was removed and c leaned f o r  ano the r  r u n .  

The e f f e c t i v e  s h u t t e r  speed measured was about 

T h i s  apparatus was r a p i d l y  

F l a s h  p i c t u r e s  w e r e  taken as r a p i d l y  

RESULTS AND DISCUSSION 

The main purpose o f  c o l l e c t i n g  t h e  pho tog raph ic  d a t a  i n  t h i s  exper imen ta l  
s tudy was t o  determine i f  t h e  e x i s t i n g  p h y s i c a l  model for i c e  a c c r e t i o n  
( r e f s .  1 t o  3 and 6) i s  c o r r e c t .  I n  t h a t  p h y s i c a l  model ( f i g .  2) t h e  c loud  
d r o p l e t s  impact t he  su r face  and form a t h i n  f i l m  o f  water ,  which flows a long  
the su r face  and loses water by f r e e z i n g .  T h i s  sur face f low has been used t o  
e x p l a i n  t h e  horn shape o f  c l e a r  ( g l a z e )  i c e  shown i n  f i g u r e  1 .  When the  a i r  
temperature i s  very c o l d ,  t h e  c l o u d  d r o p l e t s  a r e  though t  to  f r e e z e  on impact 
f o rm ing  the  r i m e  i c e  shape shown i n  f i g u r e  1 .  

M o s t  o f  the d e t a i l e d  d a t a  i n  t h i s  paper w i l l  come from t h e  f i l m  supplement 
o f  t h i s  paper. However, we w i l l  d e s c r i b e  t h e  p h y s i c s  o f  i c i n g  t h a t  i s  seen i n  
the  f i l m  sequences by showing e q u i v a l e n t  g raz ing -ang le  s t i l l  photographs. The 
r e s u l t s  from t h e  f i l m  sequences w i l l  be p l o t t e d  t o  show t h e  q u a n t i t a t i v e  
e f f e c t s  o f  a i r  temperature,  a i r s p e e d ,  and c l o u d - d r o p l e t  s i z e .  A n a l y t i c a l  
modelers o f  t h e  i c i n g  process would f i n d  i t  h e l p f u l  to  borrow t h e  f i l m  supple- 
ment for a d d i t i o n a l  d e t a i l s .  An a b b r e v i a t e d  v e r s i o n  o f  t h e  I ' i l m  supplement 
t h a t  shows t h e  e s s e n t i a l  p h y s i c s  i s  a l s o  a v a i l a b l e  w i t h  n a r r a t i o n  ( r e f .  7 ) .  
A f t e r  d e s c r i b i n g  the  pho tog raph ic  da ta ,  o t h e r  d a t a  t h a t  a re  h e l p f u l  i n  d e t e r -  
m in ing  a more c o r r e c t  p h y s i c a l  model for  i c i n g  a re  desc r ibed .  These da ta  
i n v o l v e  the  i c e  s t r u c t u r e ,  t h e  e f f e c t  o f  i c e  shape o n  the  d r o p l e t  ca tch ,  t h e  
e f f e c t s  o f  i c e  roughness, and t h e  e f f e c t  o f  s u r f a c e  f low and shedding. 
consequences o f  t h e  movie r e s u l t s  on t h e  mass and h e a t  balance where f r e e z i n g  
occurs a re  a l s o  d iscussed.  

The 

The i c i n g  c o n d i t i o n s  for  t h e  v e r y  d e t a i l e d  f i l m  supplement o f  t h i s  paper 
a re  l i s t e d  i n  t a b l e  I and a r e  summarized as fol lows: 

S tagna t ion  r e g i o n ,  and a l s o  a l o n g  t h e  a i r f o i l  su r face  where c l o u d  
d r o p l e t s  impact 

High and low a i r speeds :  320, 160, and 50 km/hr 

.- 

T o t a l  a i r  temperatures above and below f r e e z i n g :  
5 O C ;  - 1 ,  -3, - 7 ,  -12, and -18 O C  

Cloud d r o p l e t  s i z e s  ( M V D ) :  15 and 30 pm 

Moderate ly  h i g h  LWC: 0 .25  t o  1.6 g/m3 
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F i l m  sequences w e r e  n o t  made o f  a l l  o f  the  p o s s i b l e  combinat ions o f  v a r i a b l e s  
l i s t e d .  For example, photos o f  t h e  i c i n g  a long  the  a i r f o i l  s u r f a c e  (downstream 
d i r e c t i o n )  were o n l y  made a t  320 km/hr and 30 pm. 
a t  t h e  t h r e e  a i r speeds  to  s a t i s f y  the  needs o f  a i r c r a f t  and g r o u n d - s t r u c t u r e  
i c i n g .  Most f i l m  sequences show t h e  e f f e c t  o f  a i r  temperature i n  d e t a i l .  

F i l m  sequences were made 

Photographic  Resu l t s  

We w i l l  s t a r t  w i t h  the  pho tog raph ic  d a t a  above f r e e z i n g  to  show how t h e  
l i q u i d  flows when t h e r e  s u r e l y  w i l l  be a f low o f  l i q u i d  o v e r  t h e  s u r f a c e .  
F o l l o w i n g  t h a t  i n t r o d u c t i o n ,  t h e  photographic  d a t a  for  below f r e e z i n g  w i l l  be 
desc r ibed .  

Above f r e e z i n q  c o n d i t i o n s .  - The above- f reez ing r e s u l t s  d e s c r i b e  t h e  f low 
on t h e  surface t h a t  was caused by the  impact o f  t i n y  c l o u d  d r o p l e t s ,  b u t  w i t h -  
o u t  t h e  major  i n f l u e n c e  o f  f r e e z i n g .  I n  l o o k i n g  ahead, t h e  main i c i n g  a p p l i c a -  
t i o n  for  these above- f reez ing r e s u l t s  i s  t o  p a r t i a l l y  d e s c r i b e  the  s h o r t  
i n i t i a l  t i m e  when t h e r e  i s  water  f low o v e r  t h e  s u r f a c e  a t  b e l o w - f r e e z i n g  condi -  
t i o n s .  The t o t a l  a i r  temperature fo r  these runs was above f r e e z i n g ,  t y p i c a l l y  
about 5 OC. A t  t h i s  temperature t h e r e  c e r t a i n l y  w i l l  be a flow o f  wa te r  o v e r  
t h e  su r face  o f  t h e  a i r f o i l .  The above- f reez ing f i l m  sequences a re  1 t o  9 i n  
t a b l e  I .  

F i g u r e  9(a)  i s  a c loseup,  graz ing-angle s t i l l  pho to  o f  what i c i n g  on t h e  
surface l ooks  l i k e  a s h o r t  t i m e  a f t e r  t h e  surface was exposed t o  t h e  c l o u d .  A s  
s t a t e d  p r e v i o u s l y ,  these c loseup s t i l l  photos of the  s u r f a c e  of a c y l i n d e r  show 
t h e  same i c i n g  process as t h e  movie r e s u l t s ,  b u t  from a b e t t e r  ang le  and much 
more c l e a r l y  when p r i n t e d .  The s t i l l  camera i s  l o o k i n g  from a g r a z i n g  ang le  
a l o n g  t h e  s t a g n a t i o n  l i n e  o f  t h e  c y l i n d e r  as shown i n  f i g u r e  8. The dep th  o f  
f i e l d  ( i . e . ,  nea res t  to  t h e  f a r t h e s t  d i s t a n c e  i n  focus )  i n  f i g u r e  9(a)  i s  o n l y  
a few thousand microns deep. The a i r  and c l o u d  d r o p l e t s  a r e  coming i n  from the  
t o p  o f  the  p i c t u r e .  You can see the  incoming m ic roscop ic  c l o u d  d r o p l e t s  as 
s t r e a k s  ( s t r e a k s  retouched i n  a few f i g u r e s  t o  ensure v i s i b i l i t y  when p r i n t e d ) .  
Hundreds o f  these m ic roscop ic  c l o u d  d r o p l e t s  impact t h e  s u r f a c e  and form each 
of the l a r g e  drops on t h e  su r face .  These l a r g e  surface drops w i l l  coa lesce 
i n t o  p r o g r e s s i v e l y  l a r g e r  s u r f a c e  drops. The mov ie  sequences show t h a t  when 
t h e  su r face  drops grow l a r g e  enough, t h e  aerodynamic f o r c e s  overcome t h e  sur-  
f a c e  t e n s i o n  (adhesion)  f o r c e s  t h a t  a re  keeping t h e  s u r f a c e  drops s t a t i o n a r y ,  
and the  drops move downwind a l o n g  the  a i r f o i l  su r face .  Some drops t h a t  a r e  
moving t o  t h e  r i g h t ,  away from t h e  s t a g n a t i o n  l i n e ,  a re  shown i n  f i g u r e  9(b)  
by t h e i r  t r a i l i n g  t a i l .  A s  t h e  l a r g e  s u r f a c e  drops move a l o n g  the  s u r f a c e ,  
t hey  sweep up o t h e r  su r face  drops i n  t h e i r  pa th  and leave a r e l a t i v e l y  c l e a r  
p a t h  behind them, where the  s u r f a c e  drop growth process begins aga in  from the  
impacts o f  c l o u d  d r o p l e t s .  
become e s p e c i a l l y  e v i d e n t  when t h e  f i l m  sequences a re  p layed  backwards. 

The growth and movement o f  the  l a r g e  s u r f a c e  drops 

The e f f e c t  o f  a i r speed  on t h e  su r face  drop s i z e  i s  shown by t h e  photo- 
graphs i n  f i g u r e  10. These i n d i v i d u a l  frames from the  movie w e r e  taken s h o r t l y  
b e f o r e  the  f i r s t  shed of surface drops i n  the  s t a g n a t i o n  r e g i o n .  A t  t h e  lowest 
a i r speed  a l l  o f  the  v e r y  l a r g e  drops shown i n  f i g u r e  10 coalesced i n t o  one 
g i g a n t i c  drop and shed i n  t h e  t i m e  o f  two a d d i t i o n a l  movie frames. Two con- 
c l u s i o n s  a re  immediate ly  obv ious :  the surface drop s i z e  t h a t  shedding p e r m i t s  
decreases w i t h  increased a i r speed ,  and the  drop s i z e  a l s o  decreases downstream 
o f  t h e  s t a g n a t i o n  r e g i o n .  
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F igu re  l l ( a )  shows q u a n t i t a t i v e  d a t a  from the  f i l m  sequences above freez- 

Th is  compari- 
i n g .  
r a p i d l y  move downwind, a re  shown as a f u n c t i o n  o f  t h e  a i r speed .  
son was made a t  t h e  same c l o u d - d r o p l e t  s i z e ,  15 pm, and t h e  same incoming 
c l o u d - d r o p l e t  mass f l u x ,  (LWCeV = c o n s t a n t ) .  Th i s  q u a n t i t a t i v e  d a t a  was 
measured from f i l m  sequences 1 t o  4 and 7 t o  9. F i g u r e  l l ( a )  a l s o  shows t h e  
sur face-drop s i z e  j u s t  b e f o r e  t h e  aerodynamic forces exceed t h e  adhesion f o r c e s  
and t h e  su r face  drops a c c e l e r a t e  downwind. Th is  a c c e l e r a t i o n  o f  t h e  su r face  
drops i s  c a l l e d  shedding he re  even though t h e  drops p r o b a b l y  do n o t  leave t h e  
su r face  complete ly ,  as evidenced by t h e  f a c t  t h a t  s u r f a c e  drops i n  t h e  way 
downstream a re  c l e a r e d  away. The s i z e  o f  t h e  s u r f a c e  drops decreases i n v e r s e l y  
p r o p o r t i o n a l  t o  the  square o f  the  a i r speed ,  which suggests a cons tan t  Weber 
number would c o r r e l a t e  the  da ta .  F i g u r e  l l ( a )  a l s o  shows t h a t  t h e  su r face  
drops grow l a r g e r  i n  t h e  s t a g n a t i o n  r e g i o n  b e f o r e  t h e y  move and shed. The t i m e  
r e q u i r e d  t o  grow and coalesce t o  the  drop s i z e  shown i n  f i g u r e  l l ( a )  i s  p l o t t e d  
i n  f i g u r e  l l ( b )  f o r  15-pm c l o u d  d r o p l e t s .  
15-pm da ta  when the  t i m e s  w e r e  c o r r e c t e d  to  t h e  same incoming d r o p l e t  mass 
per  u n i t  area (LWC*V*time = c o n s t a n t ) .  

The s i z e  o f  the  s u r f a c e  drops, j u s t  b e f o r e  t h e y  s t a r t  t o  a c c e l e r a t e  and 

T h i r t y - m i c r o n  d a t a  agreed w i t h  t h e  

F igu re  12(a) i s  a p l o t  o f  t h e  s teady -s ta te  drop d iamete r  d a l o n g  the  
a i r f o i l  su r face .  A l l  measured sur face-drop s i z e s  i n  t h i s  paper a r e  taken from 
an average o f  many drop measurements reco rded  i n  the  f i l m  supplement, Th i s  
f i g u r e  shows t h a t  only smal l  s u r f a c e  d rops  can s u r v i v e  aerodynamic shedding o f f  
the  a i r f o i l  su r face  downstream of the  s t a g n a t i o n  r e g i o n .  Th is  r e s u l t  i s  not 
s u r p r i s i n g  because t h e  a i r  v e l o c i t y  push ing  and shedding t h e  s u r f a c e  drops i s  
much lower i n  t h e  s t a g n a t i o n  r e g i o n .  Sur face t e n s i o n  and movement causes t h e  
h e i g h t  o f  t h e  l a r g e  su r face  drops t o  be about  27 p e r c e n t  o f  t h e i r  d iameter  
(H/d = 0.27, r e f s .  10 and 11) .  The s u r f a c e  drop h e i g h t  was c a l c u l a t e d  from t h e  
measured drop d iameters i n  f i g u r e  12(a) and p l o t t e d  i n  f i g u r e  12 (b ) .  The Weber 
number, which i s  t he  r a t i o  o f  the  aerodynamic f o r c e s  moving a d rop  a l o n g  t h e  
su r face  t o  the  su r face  t e n s i o n  adhesion f o r c e s  r e s i s t i n g  t h e  movement o f  t h e  
drop, can p robab ly  be used t o  understand why b i g  s u r f a c e  drops shed, l e a v i n g  
o n l y  smal l  drops moving a long  the  surface downstream o f  t h e  s t a g n a t i o n  r e g i o n .  
The v e l o c i t y  across t h e  t o p  o f  these s u r f a c e  drops 
c a l c u l a t e d  from a Navier-Stokes aerodynamic computer code ( r e f .  12) f o r  w h o l l y  

t u r b u l e n t  f low over  a smooth a i r f o i l .  I t  was found t h a t  V2 *d,  t h e  non- 

cons tan t  t e r m s  o f  the Weber number, was v e r y  low i n  t h e  s t a g n a t i o n  r e g i o n  
( s  < 2 mm) and ve ry  l a r g e  where the  l a r g e  s u r f a c e  drops were shedding 
( f i g .  1 2 ( b ) ) .  
s t a g n a t i o n  r e g i o n  b u t  do shed immediate ly  downstream where the  boundary l a y e r  
i s  much t h i n n e r .  The v iscous sublayer  t h i c k n e s s  was a l s o  e s t i m a t e d  f r o m  the  
c a l c u l a t e d  v e l o c i t y  p r o f i l e s .  A s h o r t  d i s t a n c e  downstream of t h e  s t a g n a t i o n  
p o i n t ,  the v i scous  sublayer  th i ckness  was v e r y  much t h i n n e r  than t h e  h e i g h t  o f  
the su r face  drops.  This means the f low o v e r  t h e  drop-covered sur face,which i s  
t he  minimum ( i n i t i a l )  roughness o f  a g l a z e  i c e  s u r f a c e ,  i s  ae rodynamica l l y  
f u l l y  rough. A s  you w i l l  see l a t e r ,  t h i s  has a l a r g e  e f f e c t  on t h e  heat  t r a n s -  
f e r  c o e f f i c i e n t  downstream o f  the s t a g n a t i o n  r e g i o n .  

V t o p  was approx ima te l y  

t o p  

Th is  may e x p l a i n  why v e r y  l a r g e  s u r f a c e  drops do n o t  shed i n  t h e  

None o f  the above- f reez ing f i l m  sequences showed any evidence o f  a f l o w i n g  
f i l m  o f  l i q u i d .  I ns tead ,  a t  a l l  a i rspeeds the  f low o f  l i q u i d  on t h e  su r face  
was e n t i r e l y  c a r r i e d  by t h e  movement of v e r y  l a r g e  s u r f a c e  drops,  which shed 
o f f  t he  sur face wherever they  g o t  t o o  b i g .  A p p a r e n t l y ,  t he  minimum energy 
requirement when su r face  t e n s i o n  f o r c e s  dominate ( i . e . ,  minirrum s u r f a c e  area 
f o r  a g iven mass) r e q u i r e s  the  l a r g e s t  p o s s i b l e  drops.  But as we w i l l  see  
l a t e r  when we look a t  t h e  be low-f reez ing r e s u l t s ,  a water  f i l m  i s  p o s s i b l e  when 
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f r e e z i n g  removes enough water  t o  p r e v e n t  these l a r g e  s u r f a c e  drops from 
formi ng. 

The same above- f reez ing  exper iment  was performed w i t h  a rough a r t i f i c i a l  
i c e  s u r f a c e  ( f i l m  sequence 5 ) .  Once again,  a l l  f low o v e r  t h e  s u r f a c e  was 
c a r r i e d  by l a r g e  s u r f a c e  drops.  These s u r f a c e  drops grew l a r g e r  b e f o r e  they  
moved because t h e  rough s u r f a c e  o f  t h e  a r t i f i c i a l  i c e  i nc reased  t h e  adhesion 
forces as d e s c r i b e d  i n  r e f e r e n c e  10. A l l  o f  t h e  above- f reez ing r e s u l t s  i n  t h e  
movie show t h a t  any s i g n i f i c a n t  s u r f a c e  water  f low from i m p a c t i n g  t i n y  c l o u d  
d r o p l e t s  w i l l  be c a r r i e d  o v e r  smooth or rough su r faces  (e.g. ,  i c e )  by  l a r g e  
surface drops.  
w i t h  smal l  drops.  

Thi  s happens above f r e e z i n g  because s u r f a c e  t e n s i o n  domi nates 

The t i n y  c l o u d  d r o p l e t s  i n  t h e  movie sequences cannot be seen because they  
a re  too smal l  and f a s t  moving. Never the less ,  you can see t h e  r e s u l t  o f  t h e i r  
impacts i n t o  t h e  l a r g e  s u r f a c e  drops.  The l a r g e  s u r f a c e  drops shimmer when 
t h e r e  i s  an impact ( i . e . ,  t h e  r e f l e c t i o n  o f  t h e  l i g h t s  on t h e  s u r f a c e  o f  t h e  
drops shimmer). When t h e  spray c l o u d  i s , t u r n e d  o f f ,  t h e  shimmering s tops  ( f i l m  
sequence 42 ) .  T h i s  shimmering i s  o f t e n  i n t e r p r e t e d  i n c o r r e c t l y  i n  o r d i n a r y  i c e  
a c c r e t i o n  exper iments as a s u r f a c e  f low o f  water .  The c loseup movies i n d i c a t e  
t h a t  t h e  i n i t i a l  s u r f a c e  flow a c t u a l l y  s tops when an obse rve r  s e v e r a l  f e e t  from 
t h e  a i r f o i l  no l o n g e r  sees t h e  downstream edge o f  t h e  i c e  moving downstream. 

The e f f e c t  o f  t h e  a i r f o i l  m a t e r i a l  was determined by a s imp le  exper imen ta l  
comparison. The shape o f  t h e  l a r g e  s t a t i o n a r y  su r face  drops d i d  n o t  change 
measurably when smooth aluminum or s t a i n l e s s  s t e e l  w e r e  s u b s t i t u t e d  for  t h e  
p l a s t i c - c o a t e d  a i r f o i l  o f  t h i s  exper iment .  

One r a r e  even t  was observed i n  t h e  dozens o f  g raz ing -ang le  photographs 

I n  

above f r e e z i n g .  
c l o u d  d r o p l e t s  t h a t  were n e a r l y  stopped by  t h e  0.0001-sec e f f e c t i v e  exposure 
t ime .  I n  r e f e r e n c e  13 i t  i s  no ted  t h a t  o n l y  b i g  c l o u d  d r o p l e t s  sp lash .  
f a c t ,  t he  au tho rs  concluded t h a t  sp lash  was so r a r e  w i t h  t h e  m i c r o s c o p i c  drop- 
l e t s  o f  an i c i n g  c l o u d  t h a t  i t  c o u l d  p robab ly  be i gno red .  There fo re ,  t h e  event  
seen i n  f i g u r e  13 was p r o b a b l y  caused by a r a r e ,  b i g  c l o u d  d r o p l e t  s t r i k i n g  a 
l a r g e  su r face  drop.  Splashed or bouncing c l o u d  d r o p l e t s  would be too smal l  and 
f a s t  moving t o  be seen i n  t h e  movie sequences. The splashed and side-moving 
c l o u d  d r o p l e t s  i n  t h e  s t o p - a c t i o n  s t i  1 1  photographs were  counted and compared 
t o  t h e  number o f  incoming c l o u d  d r o p l e t  s t r e a k s .  Th is  comparison suggests t h a t  
no s i g n i f i c a n t  f low i s  c a r r i e d  o v e r  t h e  s u r f a c e  by s p l a s h i n g  or bouncing c l o u d  
d r o p l e t s  above f r e e z i n g .  There was no evidence o f  s p l a s h i n g  or bouncing drop- 
l e t s  i n  the  below-f reez ing photographs i n  the  s t a g n a t i o n  r e g i o n .  Never the less ,  
many more s t i l l  photographs a l o n g  t h e  i c e  su r face  a re  needed t o  be s t a t i s t i -  
c a l l y  c o n f i d e n t  t h a t  splashed and bounced c l o u d  d r o p l e t s  can be n e g l e c t e d  a t  
be low- f reez ing  c o n d i t i o n s .  P o s s i b l y ,  a b e t t e r  way t o  r e s o l v e  t h e  splashed 
d r o p l e t  q u e s t i o n  may be t o  use a l a s e r  v e l o c i m e t e r  t o  s t a t i s t i c a l l y  measure t h e  
d r o p l e t  s i z e ,  v e l o c i t y ,  and d i r e c t i o n  j u s t  above the  i c e  s u r f a c e  w i t h  t h e  i c i n g  
c l o u d  on. 

F i g u r e  13 shows t h e  s t r e a k s  o f  t h e  r e f l e c t i o n s  from splashed 

Wi th the  above- f reez ing  l i q u i d  flow model e s t a b l i s h e d ,  we can now move on 
to  the below-f reez ing pho tog raph ic  d a t a  and see i f  t h e r e  w i l l  be a f low o f  
l a r g e  drops o v e r  the  i c e  s u r f a c e  as r e q u i r e d  by the  e x i s t i n g  i c e  a c c r e t i o n  
model. 
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Below-f reez ing c o n d l t i o n s .  - B e f o r e  t h e  be low- f reez ing  movie sequences and 
s t i l l  photographs a re  d iscussed,  i t  i s  h e l p f u l  to  look a t  t h e  i c e  shapes t h a t  
formed on t h e  a i r f o i l  f o r  t h e  i c i n g  c o n d i t i o n s  o f  one s e t  o f  movie sequences. 
The i c e  shapes t h a t  formed d u r i n g  a 5-min spray a t  t h e  i c i n g  c o n d i t i o n s  of f i l m  
sequences 10 to  14 a r e  shown i n  f i g u r e  14. These shapes were o b t a i n e d  by t r a c -  
i n g  t h e  i c e  a f t e r  i t s  edge was exposed by m e l t i n g  h a l f  t he  i c e  as shown i n  
f i g u r e  7 .  The i c i n g  c o n d i t i o n s  f o r  the  i c e  shapes i n  f i g u r e  14 a r e  a i r speed ,  
320 km/hr;  MVD, 30 pm; LNC, 0.5 g/m3; whi te- r ime i c e  shapes formed a t  t he  
c o l d e s t  temperatures (-18 and -23 OC). By merely i n c r e a s i n g  t h e  a i r  tempera- 
t u r e  to  -3 O C  t h e  i c e  s t r u c t u r e  and shape changed to  c l e a r  ( g l a z e )  i c e  w i t h  
horns.  The c u r r e n t  p h y s i c a l  model f o r  i c i n g  ( r e f s .  1 t o  3) says t h a t  horn- 
g l a z e  i c e  shapes a re  m a i n l y  caused by a s teady flow o f  water ove r  the  i c e  sur-  
f a c e ,  away from the  s t a g n a t i o n  r e g i o n .  I n  t h a t  model a f r a c t i o n  o f  t h e  c loud  
d r o p l e t s  t h a t  impact i n  t h e  s t a g n a t i o n  r e g i o n  ( t h e  f r e e z i n g  f r a c t i o n )  f reeze 
t h e r e ;  t h e  remainder flows a l o n g  the  i c e  s u r f a c e  t o  t h e  n e x t  incrementa l  area 
downstream where t h e  energy balance determines how much o f  t h e  incoming water 
f r e e z e s ,  and so on downstream. Based on r e s u l t s  seen i n  t h e  above- f reez ing 
f i l m  sequences, t h e  f low o f  l i q u i d  over  t h e  s u r f a c e  w i l l  p robab ly  be l a r g e  
drops.  Wi th  r ime  i c e  t h e r e  i s  no s u r f a c e  f low because t h e  c l o u d  d r o p l e t s  
f r e e z e  e s s e n t i a l l y  on impact .  

The r e s u l t s  from the  be low- f reez ing  f i l m  sequences (10 t o  42) a r e  now d i s -  
cussed. A s  previously stated, we shall primarily use the more descriptive 
graz ing-angle s t i l l  photos to  show the  i c i n g  process seen i n  t h e  movies, 
because t h e  p h y s i c a l  model shown by bo th  i s  t h e  same. 

The horn-glaze and r i m e  i c e  shapes a t  -3  and -18 O C  i n  f i g u r e  14 w e r e  
o b t a i n e d  a f t e r  a 5-min exposure i n  the  i c i n g  c o n d i t i o n s  o f  f i l m  sequences 11 
and 14, r e s p e c t i v e l y .  A l l  p h y s i c a l  changes seen i n  f i l m  sequence 11 a re  the  
same as those seen i n  t h e  s t i l l  pho to  sequence shown i n  f i g u r e s  9 and 15. 
Sequence 1 1  i s  f o r  an a i r speed  o f  320 km/hr,  a t o t a l  a i r  temperature o f  -3 O C ,  

and a c l o u d - d r o p l e t  s i z e  o f  30 pm. 
f i g u r e s  9 (a>  and (b )  were  taken above f r e e z i n g ,  t h e y  a l s o  show t h e  events  seen 
i n  t h e  f i r s t  few seconds o f  f i l m  sequence 1 1 .  The i n i t i a l l y  d r y  a i r f o i l  sur-  
f a c e  i s  q u i c k l y  covered by l a r g e  r a p i d l y  growing drops as shown i n  f i g u r e  9 ( a ) .  
Soon some of t h e  l a r g e r  s u r f a c e  drops b e g i n  t o  move away from t h e  s t a g n a t i o n  
l i n e  as shown by  f i g u r e  9 ( b > .  A f t e r  a f e w  seconds a l l  s u r f a c e  drops s t o p  mov- 
i n g  i n  the  s t a g n a t i o n  r e g i o n  because the  adhesion f o r c e s  g r e a t l y  i nc rease  on a 
rough su r face  ( r e f .  10) such as g laze  i c e .  The h i g h l y  coupled e f f e c t s  of  sur-  
f a c e  t e n s i o n  and f r e e z i n g  (roughness and energy balance)  then  r e s u l t  i n  the  
f o l l o w i n g  changes i n  the  s u r f a c e .  A f t e r  about 30 sec o f  i c i n g ,  t h e  i c e  surface 
looks l i k e  f i g u r e  15 (a> .  I n  t h e  s t a g n a t i o n  r e g i o n ,  f r e e z i n g  causes t h e  i n i t i a l  
b i g  su r face  drops t o  be r e p l a c e d  by a t h i n  f i l m  o f  water  w i t h  a t h i n  i c e  l a y e r  
and i c e  h i l l s  (about  1000 pm ac ross )  growing underneath.  Ou ts ide  t h e  t h i n -  
f i l m  r e g i o n  ve ry  l a r g e  s t a t i o n a r y  i c e  h i l l s  a re  f o r m i n g .  
t h i n - f i l m  r e g i o n  have smooth tops because they  a re  covered w i t h  l a r g e  water 
drops, which shimmer when c l o u d  d r o p l e t s  impact t h e  s u r f a c e .  The photographs 
i n  f i g u r e s  15(b> and ( c >  show what f i l m  sequence 1 1  shows a t  about 55 and 
75 sec, r e s p e c t i v e l y .  
rep laced  by l a r g e  s t a t i o n a r y  i c e  h i l l s  t h a t  a re  about  1000 pm i n  d iamete r .  
The i c e  h i l l s  t h a t  a re  f a r  from the t h i n - f i l m  r e g i o n  have a rough su r face ,  
which i n d i c a t e s  those i c e  h i l l s  a re  n o t  covered w i t h  wa te r .  

Even though t h e  photographs i n  

The h i l l s  near the  

You can s e e  t h a t  t he  t h i n - f i l m  r e g i o n  has been g r a d u a l l y  
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F igu res  16(a> t o  ( c >  a re  b l a c k  and w h i t e  p r i n t s  o f  t h r e e  i n d i v i d u a l  frames 
from movie f i l m  sequence 1 1 .  
do n o t  show the  i c i n g  process n e a r l y  as w e l l  as t h e  o r i g i n a l  movie. 

B l a c k  and w h i t e  s t i l l s  from a color movie s i m p l y  

A graz ing-angle v iew o f  t h e  r i m e - i c e  s u r f a c e  a t  -18 OC ( f i l m  sequence 14) 
i s  shown i n  f i g u r e  17. Rime i c e  i s  c l e a r l y  a much smoother s d r f a c e  than  g l a z e  
( c l e a r )  i c e  where c l o u d  d r o p l e t s  impact .  

The p h y s i c a l  a t t r i b u t e s  t h a t  can be measured from t h e  movie a re  v i s u a l  
e f f e c t s :  the s i z e  and movement o f  t h e  s u r f a c e  drops, and the  presence of t h i n -  
water f i l m ,  g laze  i c e ,  or r ime  i c e .  These p h y s i c a l  a t t r i b u t e s  o f  t h e  i c i n g  
process change w i t h  a i r speed ,  t i m e ,  and temperature,  e t c .  We s h a l l  use t h e  
d e t a i l e d  movie r e s u l t s  t o  q u a n t i t a t i v e l y  d e s c r i b e  how those p h y s i c a l  a t t r i b u t e s  
change. 

The t i m e  when the  i n i t i a l  f low o f  s u r f a c e  drops s top  moving because of 
f r e e z i n g  i s  e a s i l y  o b t a i n e d  from f i l m  sequences 10 t o  14. The drop-stopping 
t ime  a long  the  a i r f o i l  su r face  i s  p l o t t e d  i n  f i g u r e  18 f o r  a range of  a i r  tem- 
pe ra tu res  a t  an a i r speed  o f  320 km/hr.  
increases as the a i r  temperature and d i s t a n c e  a long  t h e  a i r f o i l  a r e  i nc reased .  
I t  i s  b e l i e v e d  t h a t  t he  main reason t h e  s u r f a c e  drops s top  moving i s  because 
f r e e z i n g  c rea tes  some rough i c e  which g r e a t l y  i nc reases  t h e  su r face - tens ion  
adhesion f o r c e s  ( r e f .  10) and p r e v e n t s  t h e  aerodynamic f o r c e s  from moving t h e  
drop.  The main p o i n t  o f  f i g u r e  18 i s  t h a t  t h e r e  i s  no f low o f  water o v e r  t h e  
su r face  a f t e r  a v e r y  s h o r t  t ime,  1 sec i n  t h e  s t a g n a t i o n  r e g i o n .  Th is  t i m e  i s  
e s p e c i a l l y  s h o r t  when compared t o  t h e  t i m e  o f  a t y p i c a l  exposure i n  n a t u r a l  
i c i n g .  I n  f a c t  a l l  su r face  water  flow stops a f t e r  about 1 min fo r  t h e  warmest 
t o t a l  a i r  temperature run ,  - 1 . 1  OC. 

The t i m e  d u r a t i o n  o f  s u r f a c e  flow 

The conven t iona l  f r e e z i n g  f r a c t i o n  i n  t h e  s t a g n a t i o n  r e g i o n ,  which i s  
e s s e n t i a l l y  cons tan t  w i t h  t ime  ( r e f s .  1,  2, and 61, was c a l c u l a t e d  for  t h e  
warmest case i n  f i g u r e  18 to  be about  0.2. T h i s  means t h a t  t h e  water flow 
l e a v i n g  the  s t a g n a t i o n  r e g i o n  on t h e  i c e  s u r f a c e  would be about 80 p e r c e n t  of 
t h e  su r face  f low seen i n  the  above- f reez ing  movies ( s e e  f i l m  sequence 1 ) .  A s  
f i g u r e  18 shows, t h e r e  i s  no s u r f a c e  f low i n  t h e  s t a g n a t i o n  r e g i o n  for t h i s  
case. We s h a l l  d i scuss  t h i s  i n  more d e t a i l  l a t e r  and show t h a t  t h e  conven- 
tional freezing-fraction concept used in current ice accretion theory i s  phys- 
i c a l l y  i n c o r r e c t .  

I n  a d d i t i o n  t o  the  i n i t i a l  movement o f  s u r f a c e  drops,  t h e r e  i s  another  
growth h i s t o r y  o c c u r r i n g  where a t h i n  f i l m  o f  water and i c e  grow. T h i s  i s  
g r a d u a l l y  rep laced  by the  growth o f  l a r g e  s t a t i o n a r y  s u r f a c e  d r o p l e t s  on t o p  
o f  i c e  h i l l s  ( f i g .  15).  F i g u r e  19 shows q u a n t i t a t i v e  d a t a  f o r  t h e  growth h i s -  
tory o f  these l a r g e  su r face  drops i n  t h e  s t a g n a t i o n  r e g i o n  (zone 1 )  ove r  a 
range o f  a i r  temperatures.  The i m p a c t i n g  mass f l u x  o f  m ic roscop ic  c l o u d  drop- 
l e t s  i s  t he  same fo r  a l l  cases i n  f i g u r e  19, b u t  t h e  mass f l u x  removed from t h e  
water by f r e e z i n g  increases w i t h  reduced a i r  temperature.  Compare the  su r face -  
drop growth i n  zone 1 ( s t a g n a t i o n  l i n e )  a t  - 1 . 1  O C  w i t h  the  growth a t  -12 O C .  

The f o r m a t i o n  o f  l a r g e  s u r f a c e  drops i s  de layed a t  -12 O C  because t h e  f r e e z i n g  
r a t e  i s  l a r g e  enough t o  slow down t h e  growth o f  the  wa te r - l aye r  t h i c k n e s s  i n  
the  t h i n - f i l m  r e g i o n  ( s e e  f i g .  15 ) .  F i g u r e  19 shows t h a t  these l a r g e  s t a t i o n -  
a r y  surface drops grow r a p i d l y ,  once t h e y  s t a r t  t o  form, and then much more 
slowly because the  drops g e t  packed t o g e t h e r ,  and the  l a r g e  s u r f a c e  drops on 
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the i c e  h i l l s  do n o t  coalesce too o f t e n .  A s i m i l a r  growth h i s t o r y  occurs down- 
stream, b u t  t h e  s u r f a c e  drops t h e r e  s t a r t  growing sooner than i n  t h e  s t a g n a t i o n  
r e g i o n .  

F i g u r e  20 shows how t h e  " l a r g e - t i m e "  drop s i z e  on t o p  o f  t h e  i c e  h i l l s  
changes downstream a l o n g  t h e  s u r f a c e  o f  the  i c e .  
a t  80 s e c ,  when t h e  growth r a t e  i s  much s lower ,  as shown i n  f i g u r e  19; i t  i s  
a l s o  near t h e  end o f  t h e  a v a i l a b l e  f i l m  f oo tage  for each sequence. F i g u r e  20 
shows t h a t  t h e  l a r g e - t i m e  average-drop d iameter  i nc reases  s l o w l y  downstream 
a long  t h e  i c e  s u r f a c e .  
i s  a l s o  p l o t t e d  i n  f i g u r e  20 to  show t h e  e f f e c t s  o f  f r e e z i n g  on t h e  drop s i z e  
a long  the  a i r f o i l  s u r f a c e .  
t i o n s ,  shedding p reven ts  b i g  drops from f o r m i n g  downstream, whereas t h e  
increased adhesion o f  t h e  rough i c e  g r e a t l y  reduces shedding. 

These d iameters were measured 

The above- f reez ing sur face-drop d iameter  from f i g u r e  12 

The d i f f e r e n c e  i s  t h a t  f o r  above- f reez ing condi -  

Table I 1  shows how t h e  p h y s i c a l  a t t r i b u t e s  o f  t h e  i c e  change w i t h  a i r speed  
and temperature.  
V e l o c i t y  has a p ro found  e f f e c t  on the  appearance o f  t h e  i c e .  
a i r speed  r u n  (320 km/h r> ,  which i s  on the  low end o f  a i r c r a f t  speeds, t h e  i n i -  
t i a l  su r face  f low o f  l a r g e  drops s tops i n  l e s s  than a second i n  t h e  s t a g n a t i o n  
r e g i o n .  A t  t h e  l owes t  a i r s p e e d  r u n  (50 km/hr>,  t h e r e  i s  flow o v e r  t h e  s u r f a c e  
for a t  l e a s t  t h e  whole 2-min-long f i l m  sequence. 
flow a t  160 km/hr i s  between t h e  d e s c r i p t i o n s  f o r  t h e  h i g h  and low a i r s p e e d s .  
There i s  c l e a r  evidence o f  a slow f low i n  t h e  t h i n - f i l m  r e g i o n  a t  -7 and -12 O C  
f o r  160 km/hr.  No such flow was observed i n  the  t h i n - f i l m  r e g i o n  a t  320 km/hr,  
p robab ly  because t h e  water  f i l m  was too t h i n .  The c u r r e n t  p h y s i c a l  model f o r  
i c i n g  ( i . e . ,  c u r r e n t  unders tand ing  o f  i c i n g  phys i cs  i n  r e f s .  1 and 6) was 
a p p a r e n t l y  based on exper imen ta l  macroscopic o b s e r v a t i o n s  a t  low a i r speeds .  

(See t a b l e  f o o t n o t e s  f o r  a d e s c r i p t i o n  o f  t h e  i c e  formed.) 
A t  t h e  h i g h e s t  

The d e s c r i p t i o n  o f  s u r f a c e  

O the r  Suppor t i ng  Data 

This  s e c t i o n  i n c l u d e s  a v a r i e t y  o f  o t h e r  da ta  t h a t  w i l l  be v e r y  h e l p f u l  
i n  f o r m u l a t i n g  a more c o r r e c t  p h y s i c a l  model f o r  i c i n g .  These a d d i t i o n a l  d a t a  
p e r t a i n  to t h e  i c e  s t r u c t u r e ,  t h e  e f f e c t  o f  the  i c e  roughness and shape on t h e  
c l o u d  d r o p l e t  c a t c h ,  and t h e  e f f e c t s  o f  t h e  i n i t i a l  l i q u i d  f low and shedding. 
Also i n c l u d e d  a r e  t h e  consequences o f  what was observed p h o t o g r a p h i c a l l y  on t h e  
mass and hea t  balances where f r e e z i n g  occu rs .  
r e s u l t s  a re  p u t  t o g e t h e r  t o  d e s c r i b e  m o d i f i c a t i o n s  t o  t h e  c u r r e n t  model t h a t  
should r e s u l t  i n  a more c o r r e c t  p h y s i c a l  model fo r  i c e  a c c r e t i o n .  

Then f i n a l l y  a l l  o f  t h e  key 

E v a l u a t i o n  o f  t h e  f r e e z i n g - f r a c t i o n  concept.  - The e x i s t i n g  p h y s i c a l  model 
o f  i c i n q  ( r e f s .  1. 2. and 6) s t a t e s  t h a t  horn-q laze i c e  shapes form because 
t h e r e  i; a f low o f  l i q u i d  over the  i c e  surface: 
h i g h  a i rspeeds ( r e f .  14 ) .  The c loseup mov ies  a t  a h i g h  a i r speed  (e .g . ,  
sequences 10 to  19) showed t h a t  t h e r e  i s  no su r face  flow o f  water a f t e r  a s h o r t  
i n i t i a l  flow. L e t  us now do a conven t iona l  mass balance on a u n i t  area where 
f r e e z i n g  occurs i n  t h e  s t a g n a t i o n  r e g i o n .  

The b i g g e s t  horns occur  a t  
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(1)  
Net water / 

- / - Evapora t i on  m = l3.LWC.V = 

Impact i ng Growth Growth o f  u n i t  a rea  

J N e g l i g i b l e  mass f l u x  1 a y e r  0 a f t e r  

aA 

/ 'Q at + P s  at f l o w i n g  o u t  

d r o p l e t  o f  water  o f  i c e  

v e r y  s h o r t  
i n i t i a l  flow 

The f r e e z i n g  f r a c t i o n  n 
( r e f s .  1, 2,  and 6) as t h e  f r a c t i o n  o f  t h e  i m p a c t i n g - d r o p l e t  mass f l u x  61 t h a t  
f reezes i n  t h a t  u n i t  area. 

i n  t h e  s t a g n a t i o n  r e g i o n  i s  c o n v e n t i o n a l l y  def ined 

a A  
s a t  nm = p ( 2 )  

S u b s t i t u t e  equa t ion  ( 2 )  i n t o  e q u a t i o n  ( 1 )  and s o l v e  f o r  t h e  wa te r - l aye r  growth 
r a t e .  

The f r e e z i n g  f r a c t i o n  f o r  t h e  s t a g n a t i o n  r e g i o n  was c a l c u l a t e d  f o r  f i l m  
sequences 10 to 14 from the  c o n v e n t i o n a l  energy balance ( r e f s .  1 ,  2, or 6). 
which i s  independent o f  t ime.  The h e a t  t r a n s f e r  c o e f f i c i e n t  h used i s  t he  
one used for the  s t a g n a t i o n  r e g i o n  of a d r y  a i r f o i l  or c y l i n d e r ,  where h i s  
p r o p o r t i o n a l  t o  ( V / L ) o - 5 .  
sequences a re  l i s t e d  i n  t a b l e  I. The f r e e z i n g  f r a c t i o n  n i s  0.28 for  t h e  
horn-glaze i c e  shape i n  f i g u r e  14 ( i . e . ,  t h e  -3 O C  shape, sequence 11).  Sub- 
s t i t u t i n g  n = 0.28 i n t o  equa t ions  ( 2 )  and (3 )  shows t h a t  t h e  water l a y e r  6, 
m u s t  be about t h r e e  t i m e s  t h i c k e r  than  t h e  i c e  l a y e r  A because t h e r e  i s  no 
s u r f a c e  f low of water i n  t h e  s t a g n a t i o n  r e g i o n  a f t e r  about 1 sec of  i n i t i a l  
flow (see f i g .  18) .  The equa t ion  f o r  h suggests t h a t  t h i s  i n i t i a l  flow w i l l  
l a s t  perhaps two t o  t h r e e  t imes l o n g e r  for  a f u l l - s i z e d  a i r f o i l ,  b u t  t h a t  i s  
n o t  n e a r l y  enough to  change t h e  no-sur face f low c o n c l u s i o n  a t  a i r c r a f t  a i r -  
speeds. The water l a y e r  o f  l a r g e  drops or t h i n  f i l m  seen i n  the movie 
sequences or s t i l l  photos i s  much t h i n n e r  than  t h e  i c e  l a y e r ,  which t o t a l l y  
d isagrees w i t h  t h e  r e s u l t  from t h e  mass balance u s i n g  t h e  conven t iona l  
f r e e z i n g - f r a c t i o n  concept. I n  o t h e r  words, t h e  conven t iona l  f r e e z i n g - f r a c t i o n  
concept d e f i n e d  by the energy balance i n  r e f e r e n c e  6 f a i l s  a t  a i r c r a f t  a i r -  
speeds t o  c o r r e c t l y  desc r ibe  an e s s e n t i a l  aspec t  of t h e  p h y s i c s  o f  i c i n g ,  
namely, t h e  mass balance. We s h a l l  d i s c u s s  a p h y s i c a l l y  more c o r r e c t  rep lace -  
ment for the  f r e e z i n g  f r a c t i o n  l a t e r .  
conven t iona l  f r e e z i n g - f r a c t i o n  concept may be a good approx ima t ion  because 
t h e r e  c l e a r l y  i s  a f low o f  l i q u i d  o v e r  t h e  s u r f a c e  for a l o n g  p e r i o d  o f  t ime .  

The c a l c u l a t e d  f r e e z i n g  f r a c t i o n s  for a1 1 f i l m  

Table I I  shows t h a t  a t  low a i r speeds  t h e  

Other  p h y s i c a l  models t h a t  c o u l d  a l s o  l e a d  to  t h e  f r e e z i n g - f r a c t i o n  con- 
c e p t  must a l s o  be checked o u t  e x p e r i m e n t a l l y .  
c l o u d  d r o p l e t s ,  and i c e  t h a t  i s  o n l y  p a r t i a l l y  f r o z e n  ( i . e . ,  s l u s h ) .  A 
splashed c loud  d r o p l e t  i s  e v i d e n t  i n  t h e  p h o t o  o f  f i g u r e  1 3 .  
v i o u s l y ,  t he  f r a c t i o n  o f  splashed s t r e a k s  t o  the  incoming c l o u d - d r o p l e t  s t r e a k s  
t h a t  w e r e  caught by the  s t o p - a c t i o n  photos was so low t h a t  i t  c o u l d  p r o b a b l y  be 
i gno red ,  e s p e c i a l l y  over  i c e .  Bounced c l o u d  d r o p l e t s  were even r a r e r .  The 
q u e s t i o n  of s l u s h  was checked o u t  manua l l y  w h i l e  g laze  i c e  wa; growing i n  an 
i c i n g  c l o u d  a t  an a i r speed  o f  200 km/hr.  By p r o b i n g  the  i c e  s u r f a c e  w i t h  a 
needle on the  end of a 2 - f t - l o n g  hand-held r o d ,  i t  proved easy t o  determine 

-- 
They a r e  splashed or bouncing 

A s  s a i d  p re -  
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t h a t  t h e  i c e  was ha rd  ( n o t  s l u s h ) ;  i t  was a l s o  easy to  f e e l  t h a t  t h e  i c e  was 
rough and to  see t h a t  t h e  water  l a y e r  was v e r y  t h i n .  

Wi th  su r face  flow removed as t h e  major  cause, ano the r  p h y s i c a l  e x p l a n a t i o n  
i s  r e q u i r e d  to  e x p l a i n  horn-g laze i c e  shapes a t  a i r c r a f t  a i rspeeds.  We s h a l l  
desc r ibe  what we hope i s  a more accu ra te  p h y s i c a l  model f o r  i c i n g  by i n t r o d u c -  
i n g  a d d i t i o n a l  d a t a  which suppor t s  and expands on t h e  photographic  d a t a  a l r e a d y  
i n t roduced .  

I c e  s t r u c t u r e .  - Three f i g u r e s  were s e l e c t e d  from the  da ta  i n  r e f e r e n c e  14 
t o  desc r ibe  t h e  i c e  s t r u c t u r e .  These f i g u r e s  w i l l  be descr ibed,  and then t h e i r  
i l l u s t r a t i o n  o f  t h e  i c i n g  process w i l l  be d iscussed.  

F i g u r e  21 c o n t a i n s  t r a c i n g s  of t h e  i c e  shapes and photographs of t h r e e  
k i n d s  o f  i c e  on t h e  p ressu re  s i d e  o f  an a i r f o i l  a t  a low a i r c r a f t  a i r speed .  
The horn-glaze i c e  on f i g u r e  21(a) i s  c l e a r  everywhere ( l i k e  an i c e  cube) and 
has a rough s u r f a c e  everywhere. The i c e  on f i g u r e  21(c)  i s  e n t i r e l y  composed 
o f  r i m e  i c e ,  which i s  w h i t e  and opaque everywhere. Rime i c e  i s  smooth on t h e  
upstream su r face ,  where c l o u d  d r o p l e t s  impact and as rough as g l a z e  i c e  on t h e  
s ides .  
t o  be always made up o f  d i s t i n c t  g l a z e  and r i m e  i c e  p a r t s :  i n  t h e  s t a g n a t i o n  
r e g i o n  i t  i s  c l e a r  i c e ,  and r i m e  i c e  forms downstream o f  the  c l e a r  i c e .  The 
f r a c t i o n  o f  t h e  t o t a l  i c e  a c c r e t i o n  t h a t  i s  made up o f  r i m e  i c e  depends upon 
the  l o c a l  energy balance.  Downstream o f  t h e  i c e  cap, i c e  f i n g e r s  form t h a t  a r e  
e i t h e r  g l a z e  ( c l e a r )  or r i m e  i c e .  

F i g u r e  21(b) i s  mixed i c e ,  which o u r  e x t e n s i v e  i c e  s t r u c t u r e  d a t a  shows 

L e t  us now look a t  t h e  s t r u c t u r e  o f  t h e  i c e  cap i n  d e t a i l .  To do t h a t  t h e  
i c e  cap was removed from t h e  a i r f o i l  and t h i n  i c e  samples (0.3 cm t h i c k )  were 
s l i c e d  o f f  w i t h  a v e r y  smal l  steam k n i f e  ( r e f .  14).  These i c e  samples were 
then b a c k l i g h t e d  and photographed. F i g u r e  22 shows these b a c k l i g h t e d  i c e  Sam- 
p l e s  t h a t  were a c c r e t e d  a t  t h e  same i c i n g  c o n d i t i o n s  w i t h  o n l y  t h e  a i r  tempera- 
t u r e  changed. The i c i n g  c o n d i t i o n s  a t  -8, -15, and -26 O C  are  e x a c t l y  t h e  same 
as those fo r  f i g u r e  21. When w h i t e  r i m e  i c e  i s  b a c k l i g h t e d  i t  appears b l a c k  
because i t  i s  opaque. The i c e  a t  -2 and -8 O C  i s  e n t i r e l y  c l e a r  ( g l a z e )  and 
has l a r g e  a i r  bubbles th roughou t .  The c l e a r  i c e  r e g i o n  o f  the  i c e  formed a t  
-15 and -18 O C  i s  f i l l e d  w i t h  c u r i o u s  s t r e a k s ,  which on c l o s e  i n s p e c t i o n  a r e  
a c t u a l l y  cont inuous curved w i r e - l i k e  f i l a m e n t s .  These o b s e r v a t i o n s  w i l l  be 
d iscussed i n  more d e t a i l  s h o r t l y .  

About 60 i c e  s t r u c t u r e  measurements have been made ove r  a l a r g e  range of 
i c i n g  c o n d i t i o n s  f o r  one a i r f o i l .  
seen i n  f i g u r e  22 a r e  r e p r e s e n t a t i v e  o f  i c e  s t r u c t u r e  changes seen f o r  t h e  
a d d i t i o n a l  60 measurements. A l l  i c e  s t r u c t u r e  da ta  a r e  w e l l  c o r r e l a t e d  by t h e  
conven t iona l  f r e e z i n g  f r a c t i o n  c a l c u l a t e d  f o r  t h e  s t a g n a t i o n  l i n e  o f  a d r y  a i r -  
f o i l .  Th is  suggests the  nondimensional  f r e e z i n g  f r a c t i o n  e v a l u a t e d  a t  t he  
s t a g n a t i o n  p o i n t  o f  the  d r y  smooth s u r f a c e  may be u s e f u l  i f  i t  i s  thought  o f  
as a " f r e e z i n g  p o t e n t i a l . "  The o n l y  n e g a t i v e  vo te  was some l a r g e  c y l i n d e r  d a t a  
w i t h  r i m e  i c e  which d i d  n o t  c o r r e l a t e  adequate ly .  

The gradual  changes i n  the  i c e  s t r u c t u r e  

Some c l e a r  ( g l a z e )  i c e  and r i m e  i c e  samples were mechan ica l l y  shaved so 
t h a t  t hey  were v e r y  t h i n  i n  o r d e r  t o  show the  c r y s t a l  s i z e  i n  c o l o r  w i t h  p o l a r -  
i z e d  l i g h t .  F i g u r e  2 3  i s  a b l a c k  and w h i t e  p r i n t  o f  a t y p i c a l  g l a z e - i c e  sample 
and a r i m e - i c e  sample. Some i c e  was l o s t  i n  making these very t h i n  samples. 
C l e a r l y ,  t he  c r y s t a l  s i z e  f o r  t h e  g l a z e - i c e  samples i s  v e r y  l a r g e ,  and the  
c r y s t a l s  a re  o r i e n t e d  v e r y  much l i k e  t h e  s t r e a k s  for t h e  i c e  sample a t  -15 O C  
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on f i g u r e  22. 
i n  t h e  s t a g n a t i o n  r e g i o n .  
p r e v e n t  t h e  f o r m a t i o n  o f  some l a r g e  c r y s t a l s  by m e l t i n g  and r e f r e e z i n g .  

The r i m e - i c e  sample i s  c l e a r l y  made up o f  much s m a l l e r  c r y s t a l s  
The ice-shaving process was n o t  r e f i n e d  enough t o  

L e t  us now d i scuss  f i g u r e s  21, 22, and 23 w i t h  r e s p e c t  t o  t h e  o b s e r v a t i o n s  
made i n  t h e  f i l m  supplement and s t i l l  photographs. The e x i s t i n g  p h y s i c a l  model 
for  i c i n g  shows t h a t  r ime  i c e  forms because t h e  impac t ing  c l o u d  d r o p l e t s  f r e e z e  
on impact,  and a i r  i s  t rapped between t h e  r a p i d l y  f r o z e n  d r o p l e t s .  That des- 
c r i p t i o n  appears to  be e s s e n t i a l l y  supported by f i g u r e s  22 arid 23. The c r y s t a l  
s i z e  i n  f i g u r e  23 i s  c e r t a i n l y  v e r y  sma l l ,  a l b e i t  much l a r g e r  than s i n g l e  c l o u d  
d r o p l e t s  f rozen on impact.  F i g u r e  22 shows t h a t  r i m e  i c e  i s  opaque, which sug- 
ges ts  t h a t  e i t h e r  a i r  or f r o s t  from t h e  vapor i s  t r apped  as the  r i m e  i c e  i s  
acc re ted .  

The movie sequences and t h e  s t i l l  photographs show t h a t  c l e a r  ( g l a z e )  i c e  
i s  formed anywhere t h e r e  i s  a l a r g e  enough body o f  water  on t o p  of t h e  i c e ,  
e i t h e r  as a t h i n  f i l m  o r  as l a r g e  s u r f a c e  drops.  I t  appears t h a t  if t h e  f reez-  
i n g  r a t e  i s  v e r y  c l o s e  t o  t h e  impac t ing  c l o u d - d r o p l e t  mass f l u x  then  t h e r e  w i l l  
n o t  be a l a r g e  enough c o v e r i n g  l a y e r  o f  water  t o  form c l e a r  ( g l a z e )  i c e ;  t he re -  
f o r e ,  r i m e  i c e  w i l l  form t h e r e .  This suggests t h a t  t h e  t ype  o f  i c e  formed a t  
any l o c a t i o n  ( r ime  or g laze )  depends upon t h e  l o c a l  energy balance where f reez-  
i n g  occu rs .  The consequence o f  t h i s  o b s e r v a t i o n  i s  d iscussed when t h e  energy 
balance i s  d iscussed f u r t h e r .  The l a r g e  v o i d s  or bubbles i n  the  g l a z e  i c e  a t  
-2 and -8 O C  are  d iscussed when t h e  e f f e c t  o f  t h e  i c e  shape on d r o p l e t  ca tch  
( f i g .  24)  i s  covered. 

The s t r e a k s  i n  t h e  i c e  a t  -15 and -18 OC o f  f i g u r e  22 a r e  a c u r i o u s  phe- 
nomenon t h a t  can be exp la ined  s a t i s f a c t o r i l y  by t h e  pho tog raph ic  da ta .  The 
c loseup movies a t  those c o n d i t i o n s  show l a r g e  s t a t i o n a r y  s u r f a c e  drops t h a t  a r e  
c l o s e l y  packed i n  a f a i r l y  we l l -o rde red  a r r a y  o f  n e a r l y  t h e  same s i z e  drops.  
The graz ing-angle s t i l l  photographs i n  f i g u r e  15 show t h a t  l a r g e  drops a re  on 
t o p  o f  t a l l  i c e  h i l l s .  These drops and h i l l s  grow outward as c l o u d  d r o p l e t s  
impact and f r e e z i n g  occurs on t h e  i c e  h i l l .  The deep c a v i t i e s  where t h r e e  
l a r g e  surface drops and h i l l s  come t o g e t h e r  i n  t h i s  r e g u l a r  a r r a y  o f  drops a re  
b e l i e v e d  t o  be t h e  cause of  t h e  wire- l ike f i l a m e n t s  ( i . e . ,  t h e  s t r e a k s  i n  
f i g u r e  2 2 ) .  These w i r e - l i k e  f i l a m e n t s  a r e  b e l i e v e d  t o  be r i m e  i c e ,  which i s  
formed t h e r e  because su r face  t e n s i o n  keeps t h e  water o u t  o f  those deep c a v i -  
t i e s ;  and t h e  deep c a v i t i e s  p r e v e n t  t h e  impacts o f  c l o u d  d r o p l e t s .  A t  h i g h e r  
temperatures (e.g., t h e  -2 or -8 OC shapes on f i g .  22) the  d i s t i n c t  c a v i t i e s  
between t h r e e  s u r f a c e  drops do n o t  s t a y  i n  t h e  same p l a c e  for  v e r y  l o n g  because 
o f  slow drop coa lesc ing ;  t h e r e f o r e ,  no l o n g  s t r e a k s  form. Some o f  t h e  f i g u r e s  
shown i n  t h e  n e x t  s e c t i o n  w i l l  add f u r t h e r  i n f o r m a t i o n  about t h e  i c e  s t r u c t u r e .  
The dozens o f  i c e  s t r u c t u r e  photos w i t h  these s t r e a k s  showed t h a t  t h e  l o c a l  i c e  
growth v e c t o r  was a long  these s t r e a k s .  

E f f e c t  o f  i c e  shape on c l o u d  d r o p l e t  ca tch .  - The l a r g e s t  horns on g laze  
i c e  seem t o  occur  a t  h i g h  a i rspeeds.  The c loseup movies showed t h a t  t h e  e x i s t -  
i n g  p h y s i c a l  model for i c e  a c c r e t i o n  was i n c o r r e c t ;  horns a re  n o t  p r i m a r i l y  
formed by a c o n t i n u a l  f low o f  water ove r  t h e  i c e  s u r f a c e .  How then  does a 
horn-g laze i c e  shape fo rm a t  s u b f r e e z i n g  a i r  temperatures near f r e e z i n g ,  and a 
r i m e - i c e  shape a t  low temperatures? A s t r o n g  c l u e  i s  g i v e n  by f i g u r e  24 
which shows t h e  growth o f  horn-g laze i c e  and r i m e  i c e  on a c y l i n d e r  by  means 
o f  dye growth r i n g s .  Every f e w  minutes t h e  c l o u d  spray was stopped and the 
e n t i r e  i c e  su r face  was sprayed w i t h  water s o l u b l e  b l u e  dye. A f t e r  about  16 min 
o f  t o t a l  spray t ime,  the i c e  was removed from the  s t a i n l e s s  s t e e l  c y l i n d e r  by 
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heat ,  and a t h i n  sample o f  i c e  was photographed. (Other exper iments showed 
t h a t  t h e  i c e  shape r e s u l t i n g  from severa l  s h o r t  sprays was the  same as t h e  
shape from one l o n g  spray o f  t h e  same t o t a l  spray t ime  and i c i n g  c o n d i t i o n s . )  
The dye growth r i n g s  were t r a c e d  from t h e  photograph to  show t h e  r i n g s  more 
c l e a r l y .  These dye growth r i n g s  show t h e  f o l l o w i n g .  F i r s t ,  t h e r e  was no i c e  
growth on the  s i d e s  of  t h e  r i m e  or g laze  i c e  shapes. A l l  o f  t h e  i c e  growth 
occu r red  on t h e  upstream f a c e  o f  t h e  i c e  between p o i n t s  A-A. ,The maximum 
growth r a t e  o c c u r r e d  a l o n g  l i n e  6, which i s  t h e  s t a g n a t i o n  l i n e  for t h e  r i m e  
i c e  and a t  t h e  horns for  t h e  horn-g laze i c e  shape. The most i m p o r t a n t  observa- 
t i o n  i s  t h a t  t h e  f i n a l  r i m e  and horn-glaze i c e  shapes were o b t a i n e d  g r a d u a l l y .  
You can see t h a t  t h e  c h a r a c t e r i s t i c  ho rn  and p o i n t e d  r ime  shapes become gradu- 
a l l y  more pronounced as t i m e  i nc reased .  T h i s  gradual  change i n  shape suggests 
t h a t  t h e  i c e  shape g r a d u a l l y  a f f e c t s  t h e  l o c a l  a i r f l o w  and, t h e r e f o r e ,  t h e  
l o c a l  d r o p l e t  c a t c h  and r e s u l t i n g  i c e  shape i n  an i n t e r a c t i v e  b o o t s t r a p  manner. 
I n  o t h e r  words, t h e  major  reason for these two v a s t l y  d i f f e r e n t  i c e  shapes i s  
t h a t  i c e  t h a t  s t i c k s  o u t  s l i g h t l y  w i l l  grow f a s t e r  than i t s  ne ighbors because 
i t  w i l l  ca t ch  s l i g h t l y  more c l o u d  d r o p l e t s .  

The above c o n t e n t i o n  was i n v e s t i g a t e d  by s p r a y i n g  a 3-min r i m e - i c e  condi -  
t i o n  on t o p  o f  a horn-g laze i c e  shape and a l s o  on t o p  o f  a r ime- i ce  shape. 
r e s u l t  o f  t h i s  exper iment  i s  shown by t h e  photographs i n  f i g u r e  25. Wi th  r i m e  
i c e ,  c l o u d  d r o p l e t s  f r e e z e  e s s e n t i a l l y  on impact .  Therefore, t h e  t h i c k n e s s  o f  
t h i s  3-min r ime- i ce  a d d i t i o n  would be propor t ional  to  the l oca l  d r o p l e t -  
c o l l e c t i o n  e f f i c i e n c y .  Once again,  we see t h a t  t h e  i c e  a c c r e t i o n  i s  o n l y  o n  
the  upstream faces  o f  t h e  i c e .  By measur ing t h e  t h i c k n e s s  o f  t h e  added r i m e  
i c e  i t  i s  easy to see t h a t  t h e  d r o p l e t  c a t c h  i s  g r e a t e s t  i n  t h e  r e g i o n  of t h e  
horns for  t h e  horn-g laze i c e  shape. For t h e  r ime- i ce  shape, t h e  t h i c k n e s s  of  
t h e  added r ime  i c e  shows t h a t  c l o u d  d r o p l e t  c a t c h  i s  g r e a t e s t  a t  t h e  s t a g n a t i o n  
p o i n t .  (Dye was used t o  separate t h e  o r i g i n a l  r l m e  i c e  f r o m . t h e  added r l m e  
i ce . )  F i g u r e  25 c l e a r l y  shows t h a t  t h e  i c e  shape has a s t r o n g  e f f e c t  on t h e  
l o c a l  c l o u d - d r o p l e t  c a t c h  and, t h e r e f o r e ,  on t h e  i c e  shape t h a t  i s  acc re ted .  

The 

O f  course, t h e  d i f f e r e n t  shapes for r i m e  and horn-glaze 'ce a r e  n o t  com- 
p l e t e l y  caused by  t h e  e f f e c t  o f  t h e  i c e  shape on the  d r o p l e t  ca tch .  The i c e  
shape i s  c e r t a i n l y  a f f e c t e d  by  any i n i t i a l  flow over  t h e  su r face ,  and t h e  
e f f e c t  o f  shedding o f  s u r f a c e  water  drops i s  a l s o  i m p o r t a n t .  The i c e  rough- 
ness, which i s  much l a r g e r  for  g l a z e  i c e  than  i t  i s  for  r ime  i c e ,  may a f f e c t  
t he  l o c a l  a i r f l o w  and d r o p l e t  c a t c h  d u r i n g  a t  l e a s t  t h e  i n i t i a l  a c c r e t i o n  o f  
the  i c e .  Indeed, t h e  i n i t i a l  i c e  shape and roughness o f  r ime  and g l a z e  i c e  may 
be d i f f e r e n t  enough t o  s t a r t  o f f  t h e  gradual  b o o t s t r a p  growth process t h a t  w i l l  
e v e n t u a l l y  r e s u l t  i n  the  c h a r a c t e r i s t i c  i c e  shapes fo r  r ime  and g l a z e  i c e .  

F i g u r e  25 a l s o  adds a d d i t i o n a l  i n f o r m a t i o n  about t h e  i c e  s t r u c t u r e .  
a re  l a r g e  vo ids  th roughou t  t h e  o r i g i n a l  c l e a r  ( g l a z e )  i c e ,  which a r e  a l s o  
apparent i n  f i g u r e  23. N o t i c e  t h a t  t he  l a r g e  c a v i t y  i n  the  s b r f a c e  o f  t h e  
g laze  i c e  shape i n  f i g u r e  25 was n o t  f i l l e d  i n  by t h e  added r i m e  spray.  
l a r g e  vo ids  i n  t h e  g laze  i c e  a re  c l e a r l y  caused by the  f a c t  t h a t  t h e  d r o p l e t -  
laden a i r s t r e a m  w i l l  a v o i d  a depress ion such as a c a v i t y .  The depress ion  o f t e n  
seen a long  the  s t a g n a t i o n  l i n e  w i l l  g e t  deeper i n  t i m e  as d r o p l e t s  a v o i d  t h a t  
area. D e t a i l s  o f  t h e  r i m e  i c e  s t r u c t u r e  a r e  c l e a r l y  shown i n  f i g u r e  25 by t h e  
dye. The t h i n  b a c k l i g h t e d  r i m e  i c e  sample shows t h a t  r i m e  i c e  i s  made up o f  
c l o s e l y  spaced f i n g e r s  t h a t  grow " u p - t r a j e c t o r y "  and a re  t i g h t l y  or l o o s e l y  
s i n t e r e d  t o g e t h e r .  The i c e  f i n g e r s  downstream o f  the  i c e  cap t h a t  a r e  shown 
on f i g u r e  21 a r e  we l l - separa ted  f i n g e r s  of i c e .  The s i z e  and number o f  these 
f i n g e r s  do n o t  seem to  depend s t r o n g l y  on whether they  a re  r ime  or g l a z e  i c e .  

There 

The 
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I c e  roughness. - I c e  roughness h i l l s  can be expected t o  grow l a r g e r  w i t h  
t h e  passage o f  t i m e  because a h i l l  w i l l  c a t c h  more c l o u d  d r o p l e t s .  The e f f e c t  
o f  t ime  on t h e  s u r f a c e  roughness i s  shown by f i g u r e  26 from r e f e r e n c e  14. The 
e f f e c t  o f  temperature on roughness i s  shown i n  f i g u r e  27 from r e f e r e n c e  14. 
Glaze i c e  i s  always much rougher  than r i m e  i c e  where d r o p l e t s  impact  and f reez-  
i n g  occu rs .  T h i s  i s  a l s o  shown by t h e  c loseup g raz ing -ang le  photos ( f i g s .  15 
and 17).  The much g r e a t e r  roughness o f  g laze  i c e ,  compared to  r i m e  i c e ,  w i l l  
t h i c k e n  t h e  boundary l a y e r  o f  t h e  a i r  f low downstream o f  t h e  s t a g n a t i o n  l i n e .  
Th is  w i l l  d e f l e c t  t h e  a i r s t r e a m  l o c a l l y  and cause d r o p l e t s  t o  be d e f l e c t e d  more 
downstream i n i t i a l l y  than t h e y  would be w i t h  smooth r i m e  i c e .  The l o c a l  hea t  
t r a n s f e r  c o e f f i c i e n t  w i l l  a l s o  be much h i g h e r  for rough g l a z e  i c e  than for  
smooth r ime  i c e  as shown below. C u r r e n t  i c e  a c c r e t i o n  computer codes (e .g . ,  
r e f .  3 )  use t h e  e f f e c t  o f  roughness on the  heat  t r a n s f e r  c o e f f i c i e n t  h.  The 
roughness was i n i t i a l l y  e m p i r i c a l l y  a d j u s t e d  i n  o r d e r  t o  c a l c u l a t e  adequa te l y  
c o r r e c t  i c e  shapes. I t  i s  d i s t u r b i n g  t o  no te  t h a t  t h e  roughness used to  o b t a i n  
g laze  i c e  and r i m e  i c e  shapes i s  o p p o s i t e  t h e  roughness for  g l a z e  and r i m e  i c e  
observed e x p e r i m e n t a l l y .  S p e c i f i c a l l y ,  smooth i c e  ( i . e . ,  low h )  i s  r e q u i r e d  
to  produce g l a z e  i c e  shapes, b u t  f i g u r e  27 shows t h a t  g l a z e  i c e  ( c o l d e r  than 
-12 O C )  i s  much rougher  than  r i m e  i c e  (-26 OC). 

Local  h e a t  t r a n s f e r  c o e f f i c i e n t .  - The l o c a l  hea t  t r a n s f e r  c o e f f i c i e n t  was 
measured a l o n g  t h e  s u r f a c e  o f  p l a s t i c  horn-glaze and r i m e - i c e  shapes w i t h  l o c a l  
hea t  m e t e r s  ( r e f .  15 ) .  P l a s t i c  horn-glaze i c e  shapes w e r e  made o f  t h e  2 - ,  5-, 
and 15-min i c e  a c c r e t i o n s  t h a t  formed on a 5.2-cm c y l i n d e r  a t  t h e  same i c i n g  
c o n d i t i o n s .  These i c e  shapes a r e  shown i n  f i g u r e  28 a l o n g  w i t h  t h e  15-min 
r i m e - i c e  shape. Smooth and rough sur faces w e r e  t e s t e d  i n  a wind t u n n e l  a i r -  
stream whose t u r b u l e n c e  i n t e n s i t y  was 0 .5  pe rcen t  ( t y p i c a l  o f  t h e  I R T ) .  Heat 
t r a n s f e r  d a t a  were taken ove r  a range o f  a i r speeds  so t h a t  t h e  l o c a l  v a r i a t i o n  
o f  t h e  heat  t r a n s f e r  c o r r e l a t i o n  t e r m s  ( A  and B)  c o u l d  be determined a l o n g  the  
surface o f  t h e  s imu la ted  i c e  shapes and t h e  c y l i n d e r .  

B - -  hD - A Re k (4 )  

Th is  d a t a  was used t o  e s t i m a t e  how h, A ,  and B v a r y  w i t h  t i m e  a l o n g  some 
obv ious  i ce -g rowth  l i n e s .  From t h e  p r e v i o u s  d i s c u s s i o n  about t h e  i c e  roughness 
and t h e  movie r e s u l t s ,  t he  i c e  growth h i s t o r y  o f  15-min horn-glaze i c e  shape 
would s t a r t  w i t h  the  smooth c y l i n d e r  ( i . e . ,  i n i t i a l l y  d r y  c y l i n d e r )  f o l l o w e d  
immed ia te l y  by the  rough c y l i n d e r  ( i . e . ,  i n i t i a l  water drops and i c e )  as shown 
a l o n g  t h e  t i m e  sca le  o f  f i g u r e  28. These would then be f o l l o w e d  by t h e  2-, 5-, 
and 15-min rough horn-g laze shapes. The r i m e  ice-growth h i s t o r y  would go from 
t h e  i n i t i a l l y  d r y  (smooth) c y l i n d e r  t o  t h e  15-min smooth r i m e - i c e  shape; r ime  
i c e  i s  smooth where c l o u d  d r o p l e t s  impact and f r e e z e .  

The va lues  o f  h,  A ,  and B a t  t he  s t a g n a t i o n  l i n e  ( g r o w t h  l i n e  0) f o r  
t h e  g l a z e  and r i m e  i c e  shapes a r e  p l o t t e d  i n  f i g u r e  28 as a f u n c t i o n  o f  t ime .  
THe va lues o f  h, A ,  and B a t  t h e  s t a g n a t i o n  l i n e  for t h e  g l a z e  and r i m e - i c e  
shapes remain e s s e n t i a l l y  t h e  same as f o r  a smooth d r y  c y l i n d e r  a t  t h e  stagna- 
t i o n  l i n e .  N o t i c e  i n  p a r t i c u l a r  t h a t  t he  Reynolds number exponent B s tays  a t  
e s s e n t i a l l y  0.5. Most i c e  a c c r e t i o n  t h e o r i e s  ( r e f s .  1 t o  3 )  t a k e  advantage o f  
t h i s  tremendous s i m p l i f i c a t i o n .  U n f o r t u n a t e l y  the  va lues o f  h, A,  and B 
change d r a s t i c a l l y  a s h o r t  d i s t a n c e  downstream o f  the  s t a g n a t i o n  l i n e .  The 
va lues o f  h, A ,  and B a l o n g  growth l i n e s  1 and 2 f o r  g l a z e  i c e  a re  v e r y  d i f -  
f e r e n t  from t h e i r  va lues a l o n g  the  s t a g n a t i o n  growth l i n e .  The s u r f a c e  rough- 
ness o f  g l a z e  i c e  causes h a long  growth l i n e s  1 and 2 t o  q u i c k l y  become two 
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t o  t h r e e  t imes l a r g e r  than t h e  h a t  t h e  s t a g n a t i o n  l i n e .  The Reynolds number 
exponent 6 q u i c k l y  becomes more n e a r l y  0.8,  t h e  t u r b u l e n t  f low va lue .  I n  o t h e r  
words t h e  hea t  t r a n s f e r  from most of  t h e  g l a z e - i c e  s u r f a c e  (where d r o p l e t s  
impact)  t o  t h e  c o l d  a i r  i s  much l a r g e r  t h a n  the  h most t h e o r i e s  assume ( i . e . ,  
t he  s t a g n a t i o n  l i n e  h ) .  When t h i s  much l a r g e r  h v a l u e  i s  used i n  t h e  
Messinger energy balance ( r e f .  6) t h e  f r e e z i n g  f r a c t i o n  i s  g r e a t l y  i nc reased .  
I f  you a l s o  i n c l u d e  the  i nc reased  surface a rea  o f  t h e  l a r g e  drops on t h e  sur-  
f a c e  o f  g laze  i c e ,  the f r e e z i n g  f r a c t i o n  would exceed one so t h a t  t h e r e  would 
be no su r face  f low t o  cause t h e  horns.  Even so t h e r e  can s t i l l  be a f low o f  
su r face  water a t  h i g h e r  temperatures and d u r i n g  the  i n i t i a l  t r a n s i e n t  when t h e  
i c e  roughness r a p i d l y  i nc reases ;  these a r e  now d iscussed.  

E f f e c t  o f  t h e  i n i t i a l  s u r f a c e  f low. - The i n i t i a l  flow o f  s u r f a c e  drops 
moves water downstream; some o f  these moving drops shed which a l s o  a f f e c t s  t h e  
i c e  shape formed. These i n i t i a l  f low e f f e c t s  can g i v e  a s t a r t  t o  a ho rn  i c e  
shape, as shown by the  i c e  shapes i n  f i g u r e  29. The horn-g laze and r i m e  i c e  
shapes shown were acc re ted  d u r i n g  2-, 5-, and 15-min-long sprays on an a i r f o i l  
a t  seve ra l  angles o f  a t t a c k  (0,  4,and 8O). By comparing t h e  2-min horn-glaze 
i c e  shapes a t  t he  d i f f e r e n t  angles you can see the  e f f e c t  o f  the  i n i t i a l  f low,  
e s p e c i a l l y  a t  8". The i n i t i a l  f low should l a s t  somewhat l onger  fo r  t h i s  l a r g e r  
a i r f o i l  than t h a t  seen i n  t h e  c loseup movies.  The i n i t i a l  flow t ime  i n  t h e  
s t a g n a t i o n  r e g i o n  w i l l  s t i l l  be n e a r l y  z e r o  as shown b y  f i g u r e  18. The e f f e c t  
o f  t h e  i n i t i a l  f low i s  a l s o  apparent  i n  t h e  2-min g l a z e - i c e  growth r i n g  i n  
f i g u r e  24(a>.  

I c e  growth d i r e c t i o n s  were drawn as l i g h t  dashed l i n e s  on t h e  i c e  shapes 
shown i n  f i g u r e  29. A s  i n  f i g u r e s  24 and 28, these l i n e s  s imp ly  connect o b v i -  
o u s l y  s i m i l a r  f ea tu res  of  t h e  i c e  shape (e.g. ,  t h e  horn,  bumps, or d i p s ) .  The 
i c e  growth a long  a l l  t h e  growth l i n e s  i nc reases  l i n e a r l y  w i t h  t ime,  w i t h  the  
growth r a t e  v a r y i n g  from l i n e  t o  l i n e .  

An i n t e r e s t i n g  s i d e  i s s u e  comes from a comparison o f  t h e  2-min r i m e  and 
g l a z e  i c e  shapes fo r  t h e  0 and 4O angles o f  a t t a c k .  Even though the  i c i n g  con- 
d i t i o n s  a r e  v a s t l y  d i f f e r e n t ,  t h e  2-min i c e  shapes a r e  n e a r l y  t h e  same, about  
as c l o s e  as i c e  shape r e p e a t a b i l i t y  p e r m i t s .  Th i s  i n s e n s i t i v i t y  suggests t h a t  
one should n o t  a t tempt  t o  prove a t h e o r y  works by making exper imenta l  compari- 
sons o f  i c e  shapes w i t h  a smal l  amount o f  i c e  
ment problem, ae ropena l t y  measurements shou ld  
w i t h  a smal l  amount o f  i c e .  

E f f e c t  o f  shedding. - The c loseup movies 
showed t h a t  t he  su r face  drops grew u n t i l  t h e y  
ment occu r red  when the aerodynamic f o r c e s  a c t  

To a v o i d  t h e  i c e  shape measure- 
always be made i n  any comparisons 

f o r  above- f reez ing c o n d i t i o n s  
were l a r g e  enough t o  move. Move- 
nq on the  drop exceeded the sur-  

f ace  t e n s i o n  (adhesion) f o r c e s  t h a t  p r e v e n t  movement. 
the su r face  drops downstream of the  s t a g n a t i o n  r e g i o n  a r e  much s m a l l e r  because 
the  l a r g e s t  drops have shed off the surface t h e r e .  F i g u r e  30 shows t h a t  
surface-drop shedding has a p ro found  e f f e c t  on the  i c e  shape a t  t he  warmer sub- 
f r e e z i n g  temperatures even fo r  a low a i r s p e e d  o f  209 km/hr .  Th i s  c o n c l u s i o n  
i s  demonstrated by the r a p i d  decrease i n  t h e  c r o s s - s e c t i o n a l  area o f  t h e  i c e  
shape above about -5 OC. A t  -5  O C  t he  conven t iona l  f r e e z i n g  f r a c t i o n  (s tagna-  
t i o n  l i n e  o f  a c y l i n d e r )  a t  t he  s t a g n a t i o n  l i n e  i s  0.21 fo r  the  c o n d i t i o n s  i n  
f i g u r e  30. There i s  o b v i o u s l y  s i g n i f i c a n t  shedding of su r face  drops a t  -2 and 
- 1  O C  i n  f i g u r e  30, where t h e  conven t iona l  f r e e z i n g  f r a c t i o n  i s  0.11 and 0.08, 
r e s p e c t i v e l y .  Very l i t t l e  shedding i s  e v i d e n t  i n  the  movie sequences a t  these 
temperatures because v e r y  few sequences have f r e e z i n g  f r a c t i o n s  below 0 . 2 .  The 

A s  shown by f i g u r e  12, 
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s h o r t  i n i t i a l  f low t r a n s i e n t  w i l l  o b v i o u s l y  be much l o n g e r  for  f r e e z i n g  f r a c -  
t i o n s  lower than 0.2. 
i c e  w i l l  a l s o  shed. 

A t  much h i g h e r  a i r speeds  (or r o t a t i o n - c a u s e d  G f o r c e s ) ,  

The i n i t i a l  sur face-drop growth,  and t h e  movement and shedding o f  surface 
drops must o b v i o u s l y  be understood q u a n t i t a t i v e l y  b e f o r e  a c o r r e c t  I c e  accre- 
t i o n  a n a l y s i s  can be fo rmu la ted .  The sur face-drop d a t a  t h a t  can be o b t a i n e d  
from t h e  f i l m  supplement w i l l  prove q u i t e  u s e f u l  i n  f o r m u l a t i n g  an Improved 
a n a l y s i s  i n v o l v i n g  momentum, mass, and energy balances f o r  t h e  s u r f a c e  water  
d u r i n g  t h e  i n i t i a l  t r a n s i e n t  when t h e r e  i s  a s u r f a c e  f low. When f r e e z i n g  
s t a r t s  t h e  s u r f a c e  g e t s  rougher  and t h e  i nc reased  adhesion s tops t h e  movement 
o f  the  su r face  drops.  

Suggested Changes t o  t h e  Phys i ca l  Model for  I c i n g  

For above- f reez ing a i r  temperatures,  l a r g e  s u r f a c e  drops a r e  formed from 
the m ic roscop ic  c l o u d  d r o p l e t s  impac t ing  t h e  s u r f a c e  o f  t h e  a i r f o i l ,  as shown 
i n  f i g u r e  31(a).  
t o  exceed the  sur face- tens ion-adhesion f o r c e s  t h e  s u r f a c e  drops s t a r t  to  move 
downstream. A t  low a i r speeds  these su r face  drops g e t  v e r y  l a r g e  b e f o r e  t h e y  
move. As they  move downstream t h e  l a r g e s t  s u r f a c e  drops shed and leave  o n l y  
sma l le r  drops on t h e  s u r f a c e  downstream. 

For be low- f reez ing  temperatures and a i r c r a f t  a i r speeds ,  these s u r f a c e  
drops move ove r  t h e  s u r f a c e  f o r  o n l y  a s h o r t  t i m e  b e f o r e  t h e  h i g h  su r face -  
tens ion-adhesion f o r c e s  o f  t h e  rough i c e  t h a t  i s  b e g i n n i n g  t o  form s tops  t h e i r  
movement. The sur face-drop r u n n i n g  t i m e  w i l l  be l o n g e r  a t  t he  h i g h e r  subfreez-  
i n g  temperatures.  The r u n n i n g  t ime  i s  a l s o  l onger  for l a r g e  a i r f o i l s  or lower  
a i rspeeds because t h e  hea t  t r a n s f e r  c o e f f i c i e n t  and, t h e r e f o r e ,  t h e  f r e e z i n g  
r a t e  i s  lower. The p h y s i c a l  model for  i c i n g  observed i n  t h e  movies and s t i l l  
photos i s  sketched i n  f i g u r e  31(b) and desc r ibed  i n  t a b l e  11. A t  g l a z e - i c i n g  
c o n d i t i o n s ,  t he  s t a g n a t i o n  r e g i o n  i n i t i a l l y  w i l l  have a t h i n  water  f i l m  r e g i o n .  
A s  you move away from t h e  s t a g n a t i o n  l i n e ,  t h e  t h i n  water  f i l m  r a p i d l y  becomes 
rep laced  by v e r y  l a r g e  s t a t i o n a r y  drops on t o p  o f  i c e  h i l l s .  The w i d t h  of  t h e  
t h i n - f i l m  r e g i o n  decreases w i t h  t ime,  and inc reases  somewhat w i t h  dec reas ing  
tempera tu re .  C l e a r  ( g l a z e )  i c e  is formed anywhere t h e r e  i s  a l i q u i d  cover ( b i g  
drops or a t h i n  water f i l m )  o v e r  t h e  i c e .  As t h e  a i r  temperature decreases, 
t h e  f r e e z i n g  r a t e  approaches t h e  mass f l u x  o f  t h e  i m p a c t i n g  c l o u d  d r o p l e t s .  
When t h i s  happens, a t h i n  f i l m  o f  water  cannot be ma in ta ined ,  and d r o p l e t s  
f r e e z e  e s s e n t i a l l y  on impact  and form r ime  i c e .  The e f f e c t s  o f  v a r i e d  i c i n g  
c o n d i t i o n s  upon t h e  p h y s i c a l  model j u s t  desc r ibed  a r e  l i s t e d  i n  t a b l e  111. 

When these drops a r e  l a r g e  enough for  t h e  aerodynamic f o r c e s  

The t h i c k n e s s  o f  t h e  s u r f a c e  drops and/or t h e  t h i n  water  f i l m  i nc reases  
by t h e  impact o f  c l o u d  d r o p l e t s  w h i l e  they  l o s e  water by f r e e z i n g .  The heat  
o f  f r e e z i n g  i s  t r a n s f e r r e d  t o  t h e  c o l d  a i r  through t h e  s l i g h t l y  subcooled water  
on the  s u r f a c e  o f  the  i c e .  

Because t h e r e  i s  no s u r f a c e  flow o f  water a f t e r  a v e r y  s h o r t  t i m e ,  t he  
conven t iona l  f r e e z i n g - f r a c t i o n  concept f a i l s  when i t  i s  used i n  a mass balance 
where f r e e z i n g  occu rs .  The energy balance where f r e e z i n g  occu rs  a l s o  needs 
major changes t o  account for t h e  f o l l o w i n g  t r a n s i e n t  e f f e c t s :  t h e  v e r y  l a r g e  
e f f e c t  o f  roughness on t h e  c o n t r o l l i n g  a i r - s i d e  hea t  t r a n s f e r  c o e f f i c i e n t  and 
surface area for g l a z e  i c e ,  and the  i n i t i a l  flow and shedding o f  t h e  s u r f a c e  
drops a t  h i g h  s u b f r e e z i n g  temperatures.  The g r e a t l y  i nc reased  h e a t  t r a n s f e r  
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for rough horn-shaped g l a z e  i c e  i s  s u f f i c i e n t  t o  f r e e z e  n e a r l y  a l l  o f  t h e  
impac t ing  g lazed  d r o p l e t s .  

The i c e  shape t h a t  i s  formed i n i t i a l l y  i s  a f f e c t e d  by the  i n i t i a l  f low and 
shedding. The i n i t i a l  roughness and i c e  shape a l s o  a f f e c t  t he  l o c a l  a i r f l o w  
which, i n  t u r n ,  a f f e c t s  the  l o c a l  d r o p l e t  c a t c h  so t h a t  t h e  i c e  shape i s  s l o w l y  
changed. Simply s t a t e d ,  i c e  t h a t  p r o t r u d e s  w i l l  a c c r e t e  i c e  f a s t e r  and depres- 
s ions  w i l l  g e t  deeper. Th i s  gradual  i n t e r a c t i v e  b o o t s t r a p  process i s  desc r ibed  
s t e p  by s t e p  i n  f i g u r e  32 f o r  horn-g laze and r i m e  i c e  shapes. U n f o r t u n a t e l y ,  
b o o t s t r a p  processes and processes t h a t  depend s t r o n g l y  on roughness a re  n o t o r i -  
o u s l y  d i f f i c u l t  to  p r e d i c t  w i t h  any accuracy.  

FUTURE PHOTOGRAPHIC WORK 

Closeup graz ing-angle movie da ta  a r e  r e q u i r e d  i n  t h e  I R T  w i t h  a l a r g e r  
a i r f o i l  i n  o r d e r  to  o b t a i n  d a t a  a t  f r e e z i n g  f r a c t i o n s  lower  than 0.2 where sur- 
f a c e  water  shedding i s  i m p o r t a n t .  

Sp lash ing  and bouncing c l o u d  d r o p l e t s  should n o t  account f o r  any s i g n i f i -  
c a n t  flow over  the  su r face  a t  be low- f reez ing  c o n d i t i o n s .  Never the less ,  some 
s p l a s h i n g  and perhaps some bouncing have been noted i n  a f e w  pho tog raph ic  
frames. Many more c loseup g raz ing -ang le  s t o p - a c t i o n  s t i l l  photos a r e  r e q u i r e d  
to  be s t a t i s t i c a l l y  sure t h a t  t h e  e f f e c t  of bouncing and s p l a s h i n g  can be 
i gno red .  

Some c loseup graz ing-angle movie and s t i l l  d a t a  should be o b t a i n e d  i n  a 
f e w  n a t u r a l  i c i n g  f l i g h t  encounters  f o r  t h e  f o l l o w i n g  reasons. I n  a f l i g h t  
t h rough  a n a t u r a l  i c i n g  c loud  t h e  LWC v a r i e s  g r e a t l y  w i t h  t i m e ,  whereas the  I R T  
c l o u d  i s  e s s e n t i a l l y  steady. I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  t h e  t i m e  p e r i o d  o f  
i n i t i a l  s u r f a c e  d r o p l e t  f low w i l l  be a much l a r g e r  f r a c t i o n  o f  t h e  t o t a l  i c i n g  
t ime  i n  an i c i n g  f l i g h t  than i t  i s  i n  t h e  I R T ,  e s p e c i a l l y  w i t h  a l a r g e  a i r f o i l .  

CONCLUDING REMARKS 

The p h y s i c a l  model fo r  i c e  a c c r e t i o n  a t  h i g h  a i r speeds  needs m o d i f i c a -  
t i o n s .  Some o f  these suggested m o d i f i c a t i o n s  a r e  as fol lows: 

1 .  The c loseup movies and s t i l l  photos o f  t h e  i c i n g  process t h a t  were 
o b t a i n e d  i n  these exper iments show t h a t  a t  a i r c r a f t  a i r speeds  t h e r e  i s  no sur-  
f a c e  f low o f  water a f t e r  a s h o r t  i n i t i a l  flow. 

2 .  The conven t iona l  f r e e z i n g - f r a c t i o n  concept i s  p h y s i c a l l y  wrong fo r  a i r -  
c r a f t  a i rspeeds because t h e r e  i s  no l i q u i d  f low o v e r  t h e  i c e  su r faces  a f t e r  a 
s h o r t  p e r i o d  o f  t i m e .  The conven t iona l  f r e e z i n g  f r a c t i o n  m igh t  s t i l l  be a 
reasonable approx imat ion f o r  low a i r speeds  o r  near t h e  f r e e z i n g  temperature 
because the  i n i t i a l  f l o w  l a s t s  fo r  a much longer  t i m e .  

3 .  The f r e e z i n g  f r a c t i o n  needs t o  be r e p l a c e d  by a more c o r r e c t  b u t  com- 
p l e x  t r a n s i e n t  process i n v o l v i n g  the l a r g e  r a p i d  i nc rease  i n  the  hea t  t r a n s f e r  
c o e f f i c i e n t  fo r  rough g laze  i c e .  I n  a d d i t i o n  t h e r e  i s  an i n i t i a l  f l ow  o f  l a r g e  
su r face  drops which tend t o  shed i f  they  a r e  b i g  enough. This  i n i t i a l  f low 
stops because of the  g r e a t l y  increased su r face - tens ion  adhesion t o  the  rough 
i c e  su r face .  The momentum and mass balances for any water on the  i c e  su r face  

20 



are  s t r o n g l y  coupled w i t h  the  energy balance because t h e  c l o u d  d r o p l e t  impact  
mass f l u x  minus t h e  f r e e z i n g  r a t e  d i c t a t e s  how much water i s  a v a i l a b l e  on t h e  
i c e  su r face  t o  make e i t h e r  t h e  l a r g e  sur face drops ( r e q u i r e d  by  s u r f a c e  t e n s i o n  
f o r c e s ) ,  a t h i n  f i l m ,  or r ime  i c e .  

4 .  The major cause o f  t h e  d i f f e r e n t  i c e  shapes (horn-g laze and r i m e  i c e )  
a f t e r  t he  i n i t i a l  flow t r a n s i e n t  w i t h  i t s  water  shedding appears t o  be t h e  
gradual  i n t e r a c t i v e  b o o t s t r a p  e f f e c t  o f  t h e  I c e  shape and t h e  i c e  roughness on 
the l o c a l  a i r f l o w  and, t h e r e f o r e ,  t h e  l o c a l  d r o p l e t  c a t c h  and heat  t r a n s f e r  
c o e f f i c i e n t .  The roughness o f  g l a z e  and r i m e  i c e  i s  q u i t e  d i f f e r e n t ,  even a t  
t he  s t a r t  o f  f r e e z i n g ,  which e f f e c t s  t h e  hea t  t r a n s f e r  c o e f f i c i e n t .  Glaze i c e  
shapes a re  a f f e c t e d  by t h e  i n i t i a l  surface flow and a l s o  by shedding o f  t h e  
su r face  drops, e s p e c i a l l y  near t h e  f r e e z i n g  temperature.  Shedding o f  i c e  must 
a l s o  be i n c l u d e d  i n  any i c e  a c c r e t i o n  t h e o r y  f o r  a l l  i c i n g  c o n d i t i o n s  a t  t h e  
h i g h  G f o r c e s  o f  a rotor or a t  a i r c r a f t  a i r speeds .  
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F i l m  F i l m  P o s i t i o n  I c i n g  tunnel  cond i t i ons  
r o l l  sequence viewed I 

number number along Tota l  a i r  Airspeed, Drop Local 

S ,  t u r e ,  km/ h r MVD, g/m3 
mm "C 1.'" 
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1 a1 0 5 320 30 0.48 
(Stag.)  
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1 2 9 5 320 30 
1 3 15 5 320 30 

TABLE I. - C O N D I T I O N S  OF FILM SEQUENCES OF THE FILM SUPPLEMENT 

[ A l l  sequences a t  24 frameslsec and s t a r t  a t  beginn ing o f  
c loud d r o p l e t  impingement. I 

( a )  Above-freezing f l o w  over  a i r f o i l  sur face 

0.48 0 
- 4 8  0 

1 4 21 5 320 30 .48 0 I 
1 5 Stag. 5 320 30 0.48 0 

1 b6 0 5 320 30 
1 7 Stag. 5 320 15 

22 

0.48 0 
.25 0 

1 7 
1 8 
1 9 

Stag. 5 320 15 0.25 0 
Stag. 5 160 15 .48 0 
Stag. 5 50 15 1.6 0 



TABLE I. - Continued. 

( b )  I c e  growth and sur face f l o w  below f r e e z i n g  

1 a10 Stag. -1.1 320 

1 r 1 a1 1 -3 
2 a12 -7 
2 a13 
2 a14 1 1;: 

.. 

0.20 
.28 
.47 
.70 
.94 

F i l m  
r o l l  

number 

3 
3 
4 
4 
4 

F i l m  
sequence 

number 

a25 Stag. -2 0.17 
.28 
.50 io (1: .82 ( b )  1.6 

26 -4 
27 -7 
28 
29 

P o s i t i o n  
v i  ewed 
a1 ong 

surface, 
5,  
mm 

Along a i r f o i l  sur face a t  -1 " C  

4 30 0 -1.1 320 , O . [  oizo 

. 1 E 21 -1.7 

(Stag.)  
31 9 -1.7 

15 -1.7 

Along a i r f o i l  sur face a t  -3 "C  

4 34  
(Stag.)  0 -j 3jO [ 0 . r  Oi28 

4 35 9 
5 36 15 
5 37 21 

I c i n g  tunnel  cond i t i ons  

tempera- 
t u r e ,  km/ h r 

5 39 38 9 0 -[ 3[ io 0 . i  
15 
21 

Stagnat ion 
l i n e  

f reez i  ng 
f r a c t i o n  

Oi47 

5 42 9 I -7 320 

I Stagnat ion reg ion,  vary temperature a t  15 m and 160 km/hr; same LWCOV 
as sequences 15 t o  1 f  above 

30 0.48 0.47 

I Stagnat ion reg ion,  vary temperature a t  15 pm and 50 km/hr; same LWC*V 
as seauences 15 t o  19 above I 

r- Along a i r f o i l  sur face a t  -7 " C  



TABLE 11. - T I M E  WHEN EVENTS CAUSED BY FREEZING OCCUR I N  THE STAGNATION REGION OF 
THE A I R F O I L  SURFACE 

[Cloud d r o p l e t  s i ze ,  MVD, 15 p m ;  d r o p l e t  mass f l u x  LWC*V 22.2 g/m2-sec.l 

F i l m  Airspeed, 
sequence V,  

km/hr 

15 320 
16 
17 
18 I 19 

20 160 
21 
22 

23 

24 

25 
26 

27 

28 
29 

I 
i: 

t o t a l  
temperature , 

"C 

-1.7 
-3 

-;; 
-18 

-1.7 
-3 
-7 

-1 2 

-18 

-2 
-4 

-7 

-12 
-18 

I 

r 

The b igges t  sur face drops occur a t  low airspeeds. 

An i n i t i a l  f l o w  o f  these b i g  sur face drops stops moving very q u i c k l y  a t  
h igh airspeeds (e.g. ,  320 km/hr) because rough i c e  forms r a p i d l y  and 
stops the drops. 
r a t e  i s  s lower so the  i n i t i a l  f l o w  o f  surface drops l a s t s  l onger .  

A t  low airspeeds o r  f o r  l a r g e  surfaces the f r e e z i n g  

I n  the s tagna t ion  reg ion,  a t h i n  water f i l m  forms which i s  wider  and 
l a s t s  l onger  a t  lower airspeeds and a i r  temperatures. 

Rime i c e  forms a t  low a i r  temperatures because d r o p l e t s  f reeze before a 
l a r g e  enough water l a y e r  can grow t o  form c l e a r  ( g l a z e )  i c e .  

- 

Cal cu l  a ted 
f reez i  ng 
f r a c t i o n  

Event caused by f reez ing  

0.39 
.56 
.93 

1.4 
1.9 

B i g  sur face drops s t o p  movinga 
B i q  sur face drops s top movinqa 
B i g  sur face r o '  s stop movinga 
No b i a  droDs El oe  c 
Rime j ceb  ' 

0.2 
.35 
.68 

1.08 

1.4 

0.17 
.28 

.5 

.82 
1.6 

B i g  drops cont inue t o  moved 
B i g  drops s top movinga 
B i g  drops s top movinga 
F i l m  formed and s t a r t s  movingC 
F i l m  forms w i t h  a few b i g  s t a t i o n -  

F i l m  s t a r t s  t o  f l ow .  
Rime i c e  

B i g  drops cont inue t o  moved 
B i g  drops form, then t h i n  f i l m C  
Thin f i l m  s t a r t s  t o  f l o w  
No b i g  drops, bu t  f i l m  on i c e  h i l l s C  
F i l m  t h i c k  enough t o  s t a r t  t o  f low 
F i l m  f o r  s ,  b u t  never f lowsC 
Rime i c e  

ary  drgps. 

6 

Time of  event ,  
sec 

Stagna- 
t i o n  zone 

1 
1 
1 
( e )  
( e )  

( e )  
6.5 
0 
16.7 
12.5 

( e )  

Zone 
3 

1 
1 
1 
( e )  
( e )  

( e )  
14.5 
3 
16.7 
12.5 

( e )  

I c e  desc r ip t i on :  
aTime sequence shown by f i g u r e s  9 and 13, i n v o l v i n g  b i g  sur face drop downstream o f  a t h i n  l i q u i d  

bRime i c e  f o r  whole sequence. 
CA t h i n  f i l m  predominates f o r  whole sequence w i t h  very few i f  any b i g  drops. 

dBig drops grow then move when b i g  enough and perhaps shed; t h i s  may occur through many cyc les o f  

f i l m  i n  the s tagnat ion reg ion t h a t  i s  s low ly  taken over by b i g  drops as l a y e r  th ickens.  

s lowly  th ickens over th i cken ing  rough i c e  l a y e r  and may ge t  t h i c k  enough t o  f low.  

growing and shedding w h i l e  rough i c e  grows underneath. 

The water f i l m  

eEnt i  r e  sequence. 
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WHITE RIME ICE SHAPE 

TOTAL TEMPERATURE AIR G 1 -26  OC e<- -17  OC - 1 2  oc 
/ 

/ 
/ CLEAR HORN-GLAZE SHAPE 

/ 

FIGURE 1. - EFFECT OF AIR TEMPERATURE ON ICE SHAPE. MVD. 2 0  PM: 
LWC. 1.05 G/M3; AIRSPEED, 3 3 8  KM/HR: TIME, 6 . 2  MIN: 0.53-M-CHORD 
0 0 1 2  AIRFOIL  AT 11' ANGLE OF ATTACK. 

S T I L L  PHOTOGRAPHY SETUP 

( A )  TOP VIEW. 

MOV 1 E 

-- 

APPARATUS I, ,,-STILL PHOTOGRAPHY 
SETUP 

,- EDGE OF CLOUD 
/ 

1.8 M 

1 - 2 . 7  M a  

-. 
(B) LOOKING DOWNSTREAM. 

FIGURE 3.  - LOCATION OF THE MOVIE AND S T I L L  PHOTOGRAPHY TEST SET- 
UPS I N  THE IRT TEST SECTION. 

FIGURE 2 .  - EXISTING MODEL FOR ICING.  

TUNNEL CEIL ING 
CLOSEUP LENS 

2 0  CM 
i i L  

AIRFOIL  A \\ u 
\ 'F IELD OF VIEW 

FIGURE 4. - SETUP FOR CLOSEUP MOVIES OF IC ING PROCESS I N  
ICING RESEARCH TUNNEL. 
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. 23 
21 . 19 
17 
15 

. 
2 m  

STAGNATION e 
L I N E  -, I 

\ I 
\--- ZONE 1--‘- 

2 
7 

9 S .  MM 
7 
5 
3 

0 

r AIRFOIL AT 0’ 

\ 
l 1  . q  CM STAGNATioN 

L I N E  

FIGURE 5 .  - SKETCH OF WOODEN AIRFOIL USED I N  CLOSEUP MOVIES. 
DISTANCE ALONG AIRFOIL SURFACE FROM STAGNATION LINE.  s. MM. 

FIGURE 6 .  - CLOSEUP MOVIE APPARATUS LOOKING DOWNSTREAM AT AIRFOIL TO SHOW UNIFORM ICE 
ACCRETION. 
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0 

. 

FIGURE 7. - AREA PHOTOGRAPHED. 

r 35-MM CAMERA 

\ 
I 
\ 
\ 

I R T  CEILING 

/-- UPPER EDGE OF CLOUD 

-TELEPHOTO LENS WITH MANY 
EXTENSION TUBES FOR HIGH 
MAGNIFICAT ION 

I CROSS SECTION AA 

i 
hd 

A 
FIELD OF V I E W 7  

-- 

iRAISED METAL PAD 

41: 
/ ELECTRONIC FLASH 

/ 
2.5-CM-DIAM P I P E  

FIGURE 8. - TEST SETUP FOR CLOSEUP GRAZING-ANGLE S T I L L  PHOTOGRAPHS 
AT STOP-ACTION SPEEDS. 
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(A )  SHORT T IME AFTER DRY SURFACE EXPOSED TO MICROSCOPIC CLOUD DROPLET IMPACTS AND B I G  
SURFACE DROPS GROW. (DROPLET STREAKS RETOUCHED FOR BETTER CLARITY I N  PRINTING). 

( B )  SECONDS LATER WHEN A FEW SURFACE DROPS HAVE GROWN B I G  ENOUGH TO MOVE ON SURFACE. 

FIGURE 9. - CLOSEUP FLASH PICTURES AT GRAZING-ANGLE ALONG STAGNATION L I N E  OF 2 . 5 - C M  

CYLINDER. 
MICROSCOPIC CLOUD DROPLETS (MVD = 30 VM) ARE SEEN AS STREAKS COMING I N  WITH AIRFLOW 
FROM TOP OF PICTURE. 

A I R  TEMPERATURE ABOVE FREEZING: EFFECTIVE EXPOSURE TIME, ABOUT 0.0001 SEC. 
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STAGNATION 
LINE 

(A) 320 K M / H R .  

7- 

(B) 160 KM/HR. 

(C) 50 K W H R  (JUST BEFORE THESE DROPS COALESCE INTO ONE BIG DROP AND SHED). 

FIGURE 10. - SURFACE DROPS ABOVE FRttZING BEFORE FIRST SHED OVER A RANGE OF AIRPSttD. DROP 
SIZE. MVD. 15 MM: LWC (V) = 80 000 G/M2 HR. 
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- 
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,?SURFACE DROPS COALESCED INTO 
1 ONE B I G  DROP JUST BEFORE THEY 

BECAUSE FLOW WAS DOWN, NOT 

MVD 

0 15 P M  8x10' G/M2HR 

30 VM 15x10' G/M2/HR 

40 

20 

10 

8 -  

6 -  

4 -  

2 -  

- 
- 

- 

- - 
- 

- 

- 

_,--COALESCED INTO ONE 
B I G  DROP JUST BEFORE 

, v  

20 40 60 100 200 400 
AIRSPEED. V, KM/HR 

(B )  T I R  WHEN SURFACE DROPS START TO MOVE. 

FIGURE 11. - ABOVE-FREEZING DATA ON DROP SIZE AND T INE 
WHEN SURFACE DROPS WOVE. 

0 z . 1200 'T 
800 B I G  DROPS 

SHED 
I 

n END OF CLOUD 
DROPLET CATCH 
AND ICE CAP -, 

L I N E  

(A) EASURED AVERAGE SURFACE DROP DIAMETER. 

400 ? 

a 
8 n 

300 

I - \  A '-v \ = 0*27 1 200t' 
60 

U 

40 
M 

0 5 10 15 20 25 
DISTANCE ALONG A IRFOIL  SURFACE. s, nn 

(B) CALCULATED HEIGHT OF SURFACE DROPLETS H AND 
RATIO OF AERODYNAMIC TO ADHESION FORCES V?,,d. 

FIGURE 12. - EQUILIBRIUM S I Z E  OF DROPS ALONG A IR-  
F O I L  SURFACE AND FORCES ON DROPS FOR ABOVE- 

AIRSPEED, 320 KM/HR: MVD. 30 PM; LWC, 0.48 G/M3. 

FREEZING CONDITIONS. 

(VARIATION OF DROP S I Z E  IS t40 PERCENT OF DROP 
DIMETER d . )  

AIR TEMPERATURE. +5 OC: 

0 

20 N; 
> 

0 
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FIGURE 13. - RARE EVENT Of A SPLASHED CLOUD DROPLET; ABOVE-FREEZING CONDITIONS. (SPLASHED 

DROPLET STREAKS RETOUCHED FOR CLARITY I N  PRINT I NG .) 

TOTAL AIR 
TEMPERATURE - 1 . 1  OC , -FIELD OF 

I VIEW 

AIRFOIL 

\- CLEAR 

TOTAL AIR 
TEMPERATURE - 1 2  OC 

-3 oc -7 oc 

r W H  I TE 

r C L E A R  
STAGNATION 

/-WHITE 
'CLEAR 

\ 

\ T W H Y  DIFFERENT 

-23 oc 
I ICE SHAPES? 

-18 oc I 
I 

r W H I T E  

FIGURE 14. - I C E  SHAPES AFTER 5-MIN SPRAY, AIRSPEED, 320  KM/HR: MVD, 30 PM; LWC. 0.5 G/M3 

." 
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‘ICE H I L L  BELOW 
WATER F I L M  

i 
( A )  30 SEC. 

FIGURE 15. - CLOSEUP GRAZING-ANGLE S T I L L  PHOTOS OF ICE FORMED AT BELOW-FREEZING A I R  TEMPERATURE 
OF -2 oc. 

( B )  50 S E C .  

FIGURE 15. - CONTINUED. 

ORIGINAL PAGE IS 
ol3 POOR QUALITY 
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(c) 75 SEC. 

FIGURE 15. - CONCLUDED. 
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STAGNATION 
L I N E  

( A )  30 S E C .  

( C )  75 SCC. 

FIGURE 16. - FRAMES FROM F I L M  SEQUENCE 11 THAT CLOSELY MATCH FJGURE 15. 
AIRSPEED.  320 KM/HR: MVD, 30 WM; A I R  TEMPERATURE, -3 OC: LWC. 
0.48 G / M ~ .  ( V E R l I C A L  L I N E  IS A SCRATCH I N  MOVIE F I L M . )  
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u 60 
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L 
0 
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,o 
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40 
v) L 
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I 
e 

n 
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W 

I- 
20 

-. 
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f 

2 6  k 
!@ 

S IACNA I I ON * 
L - . 

,.. 1 0 0 0  CIM I LINE,  

FIGURE 17.  - MICROSCOPIC CLOUD DROPLETS COMING I N  TO IMPACT AND FORM RIME ICE.  TOTAL AIR 
TEMPERATURE, -26 OC. (CLOUD DROPLET STREAKS RETOUCHED FOR CLARITY I N  PRINTING.) 

TOTAL A I R  
TEMPERATURE 

/ -1.1 OC 
STAGNATION L I N E  / 
FREEZING FRACTION 

(0.2)/ 
/ 

/ 
/ 

o/' 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 
/ 

/ 
/ 

/- 
/ 
1 0  

STAGNATION / 
L I N E ?  / 

DISTANCE ALONG A I R F O I L  SURFACE, S. w! 

FIGURE 18. - TIME WHEN B I G  SURFACE DROPS STOP MOVING ALONG 
A I R F O I L  SURFACE BECAUSE OF FREEZING. CLOUD DROPLET SIZE, 
MVD, 30 PM: LWC, 0.48 G/M3: AIRSPEED, 320 KWHR. 

1000 

L 
=I. 

'0 

& W 

I- 500 

n 
5 
L 0 

STAGNATION TOTAL A I R  
L I N E  TEMPERATURE, 

OC 

,-c-. -1.1 
-q-- -3 --*.- - 7  
,-s-, -12 
NO B I G  DROPS -18 
(ONLY RIME 

ICE)  

I" 
SURFACE DROP 
S I Z E  CHANGES 

0 AVERAGE DATA SCATTER 
( 1  STANDARD DEVIATION) 
?20 PERCENT OF d 

r S T A R T  OF SURFACE 
/ DROP GROWTH ON I C E  

T I E ,  T. SEC 

FIGURE 19. - GROWTH HISTORY OF B I G  SURFACE DROPS BELOW 
FREEZING I N  STAGNATION REGION. CLOUD DROPLET SIZE.  MVD, 
3 0  VM; LWC. 0.48 G/M3: AIRSPEED. 3 2 0  KWHR. 
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1500 

x 
1 

d 1000 

n. 0 
CL n 

B 
CL w I- 

$ 
a 
lLI (1 

w > 
500 

C 

I C I N G  TEMPER- 
ATURE * COND 1 T I  ONS 

OC 

- 0 ABOVE FREEZING 
0 BELOW FREEZING -1.1 
0 BELOW FREEZING -3 
a BELOW FREEZING -7 

A 

\ 0 
0 

9,’ 
I 

A 
.I L A V E R A G E  L I N E  

THROUGH DATA 

“-STAGNATION L I N E  END OF ICE CAP-, 

5 10 15 20 25 
DISTANCE ALONG A IRFOIL  SURFACES, S .  MM 

FIGURE 20. - LARGE-TIME SIZE OF SURFACE DROPS ALONG A IR-  
F O I L  SURFACE, 
320 KMIHR; LWC, 0.48 G h 3 .  
FREEZING DATA IS ?33 PERCENT OF d . ) 

CLOUD DROPLET SIZE. MVD. 30 PM; AIRSPEED. 
(AVERAGE SCATTER OF BELOW- 

FINGERS 

(A)  HORN-GLAZE I C E  AT -8 OC. 
(STAGNATION FREEZING FRAC- 
TION. 0.32.) 

LGLAZE I C E L / ~ ~ ~ ~  ICE 

FINGERS 

( B )  MIXED-GLAZE AND RIME 
I C E  AT -15 OC. (STAG- 
NA1 ION I R t t Z I N G  FRAC- 
TION. 0.55.) 

6 LRIME ICE 

‘RIME ICE CAP 
FINGERS 

(C) RIME I C E  AT -26 OC. 
(STAGNATION FREEZING 

FRACTION. 0.91.) 

FIGURE 21. - ICE ACCRETION ON PRESSURE S IDE OF A IRFOIL .  0.53-M-CHORD 0012 AIRFOIL  AT Qo 
ANGLE; LWC, 1.3 G/M3: TIME. 8 MIN: MVD, 20 pM: AIRSPEED. 209 K ~ H R .  
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(A)  GLAZE I C E  (LARGE CRYSTALS). (B) RIME ICE (SMALL CRYSTALS). 

FIGURE 2 3 .  - ICE CRYSTAL S I Z E  USING POLARIZED LIGHT.  

(A)  GLAZE-HORN ICE AT -8 OC: LWC = 2.1 G/M3. 
(B) RIME ICE AT -26 OC; LWC = 1.3 G/M3, 

FIGURE 24. - DYE GROWTH RINGS FOR HORN-GLAZED AND RIME I C E  SHAPES. AIRSPEED, 209 KWHR: MVD. 20 !lM; 5.2-CM-DIAM 

CYLINDER, (DYE GROWTH RINGS SHOWN WERE TRACED FROM PHOTOGRAPHS.) 
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15-MIN RIME I C t  FORMED , \ 

RIME ICE A D K D  
'c. 1.7 G/M3) 

EDYE SPRAYED BY HAND OVER ENTIRE 
RIME SURFACE. MAE CLEARER UITH 
INK ON PHOTO 

FIGURE 25. - EFFECT OF I C E  SHAPE ON DROPLET CATCH. BACKLIGHTED T H I N  I C E  SAMPLE OF 3-MIN R I M  
SPRAY ON TOP OF I N I T I A L  I C E  SHAPE. FOR ALL SPRAYS: MVD. 20 pM; AIRSPEED. 209 KWHR. 

39 



,CLAY IMPRESSION 
I OF ICE  SURFACE 

0.1 CM 

+I+ 

TIME, 2 MIN TIME. 5 MIN 

STAGNATION 
L I N E  - 

TIMt, 15 MlN 

FIGURE 26. - EFFtCT OF TIME ON ROUGHNESS OF ICt SURFACE I N  STAGNATION REGION. A IR-  
SPtED, 209 KM/HR: TOTAL TEMPERATURE. -8 OC: MVD. 20 UM; LWC. 2.1 G / M ~ :  AIRFOIL.  

0.53-M-CHORD 0012 AIRFOIL  AT 11' ANGLE OF ATTACK. 

n 

., 
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CLAY IMPRESSION 
OF 1 C t  SURFACE--_ 

STAGNATION 

'\ L I N E  - . 

TOTAL TEMPERATURE. - 2  OC TOTAL TEMPERATURE. -8 OC TOTAL TEMPERATURE. -12  OC 

TOTAL TEMPERATURE, -17  OC TOTAL TEMPERATURE, -26 OC 

FIGURE 2 7 .  - EFFECT OF TEMPERATURE ON ROUGHNESS OF ICE SURFACE I N  STAGNATION REGION; AIRSPEED. 
338 KWHR: MVD, 20 fin; LWC, 1 . 0 5  ti/M3: TIME. 6 . 2  n1N: AIRFOIL. 0.53-n-CHORD 0 0 1 2  AIRFOIL AT 
4' ANGLE OF ATTACK. 
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DRY CYLINDER ,CYLINDER ROUGH 2-MIN I C E  5-MIN I C E  * I~-MIN I C E  HORN-GLAZE I C E  
(VERY SMOOTH) FROM I N I T I A L  (ROUGH) (ROUGH) (ROUGH) + GROWTH H I  STORY 
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GLAZE ICE 

CASE 

A.B.C 
D,E.F 

AIRSPEED. TEMPERATURE. LWC. NVD, STAGNATION FREEZING 
KWHR OC G/M3 PM FRACTION 

209 -8 2.1 20 0.24 
209 -26 1.0 12 1.08 

ACCRETION TIME. 
MIN 

RIME I C E  

FIGURE 29. - EFFECT OF ACCRETION T I R E  AND AIRFOIL ANGLE OF ATTACK ON ICE SHAPE: 0.53-M-CHORD 0012 A I R F O I L .  
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TOTAL TEMPERATURE -26 OC -20 OC -18 OC -15 OC -12 OC 

STAGNATION FREEZING (0.9) (0.7) (0.65) (0.55) (0.45) 
FRACTION) 

6EEC-E 
-8 OC -5 OC -2 OC -1 OC 0 OC 

(0.31) (0.21) (0.11) (0.08) (0) 
w 

GREATLY INCREASED SHEDDING OF LARGE 
SURFACE DROPLETS 

FIGURE 30. - EFFECT OF A IR  TEMPERATURE ON ICE SHAPE AND SHEDDING. 
(OTHER PARAMETERS ALL CONSTANT: AIRSPEED, 209 KWHR: LWC. 1.3 
G/M3; MVD, 20 pM; T I E ,  8 MIN: AIRFOIL  AT 4O.) 

(A) NO FREEZING OCCURRING (ABOVE 0 OC OR BEFORE FREEZING STOPS 
SURFACE DROPS). 

ICE H I L L  GROWING UNMR 
WATER FILM; _,- .:- 

' ;.' WATER FROM B I G  SURFACE DROPS. 
'2' WHICH ARE REPLENISHED FROM 

(B) FREEZING OCCURRING. 

F lGURt  31. - NtW PHYSICAL MODEL OF IC ING PROCESS. 

44 



DROPLETS CAUGHT MAINLY WHERE ICE PROTRUDES, SLOWLY 
RESULTS I N  GREATER ICE THICKNESS CLOUD DROPLETS FREEZE ON IMPACT 

NEARLY AS SMOOTH AS A IRFOIL  7 

FORMING RIME ICE: SURFACE IS AT STAGNATION L I N E  7 ,  
' '\ \ 

- - . .  

- .- 
-- 

TIRE = 0 

- r  , 
(A) R I F E  ICE. 

AFTER I N I T I A L  ICE SHAPE AND ROUGHNESS IS GROWN. AIR-  
FLOW IS DEFLECTED MORE AND CLOUD DROPLETS IMPACT 
FARTHER DOWNSTREAM. MFLECTION CAUSES ICE TO GROW 
FASTER DOWNSTREAM I N  THIS  INTERACTIVE BOOTSTRAP 
MANNER UNTIL DISTINCT HORN-SHAPED GLAZE ICE IS 
GRADUALLY GROWN 7 

SURFACE DROPS RUN AND SHED I N I T I A L L Y  
CAUSING SLIGHT NET BUILDUP OF ROUGH 
GLAZE ICE DOWNSTREAM \ 

\ '. 
-- 
T I E  = 0 

' ' 4  d , 

(B) GLAZE ICE WITH HORNS, 

FIGURE 32. - GROWTH HISTORY OF R IPE AND HORN-GLAZE ICE USING NEW PHYSICAL MODEL FOR ICING. 
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